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Abstract 
The sheet metal stamping process is extremely complex and requires experienced 
personnel to operate effectively. A technique for retaining and utilising the knowledge 
of these experienced personnel was identified in this work. The technique will underpin 
a software module being developed to statistically monitor and continuously improve 
the process. 
The design of experiment (DoE) technique was used to explore the effects and 
interactions of variables iri the deep drawing process. The investigation was performed 
on the Ford Falcon Dash Panel, in a 1200 ton production draw press. A response surface 
was developed and used to display predicted panel quality at any combination of press 
settings. Combining various metrics and economic requirements allowed an operating 
window to be identified that could be used by Ford to ascertain the most robust 
operating point for all of their panels. 
The need for a faster method for monitoring panel quality than manual measurement of 
flange lengths, panel thickness, strain and buckling was recognised. It was proposed to 
correlate panel quality· in terms of press sensor output. This idea wa·s investigated by 
making rectangular cups in a 7 5 ton single action press. The press was fitted with a 
pressure transducer on the cushion, a linear velocity displacement transducer on the 
ra~ strain gauges on the press frame and strain gauges on the punch. The output from 
strain gauges mounted on the punch gave a good correlation with panel_ quality and 
provided a method for quickly monitoring panel quality. 
The press sensor work highlighted the complex nature of sheet metal forming by 
producing two different correlation curves for what would otherwise be considered as 
trivial changes in experimental design. These findings were supported by finite element 
modelling experiments conducted over similar testing conditions. 
It is concluded that a very powerful tool for capturing process information could be 
developed by incorporating press sensor output with the DoE methodology. 
- - ---
-- - - -
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--- - - -
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Chapter 1 Introduction 
Simultaneous engineering, where the design function is performed in collaboration with 
the manufacturing, assembly and marketing functions, has become the preferred 
approach to product development in recent years. This is because it identifies and 
alleviates many downstream problems much earlier than the traditional "over the wall" 
product development path. It also reduces the time to production by attempting a "right 
first time" approach. 
The sheet metal stamping operation at Ford Australia's · Geelong site utilises the 
simultaneous engineering approach. The stylists and marketing representatives discuss 
their vision of how the automobile should look with the tool designers and panel 
manufacturers . A consensus is reached between those styling features which are readily 
achievable in the sheet metal forming process, and those which are unachievable. The 
consensus must be to sign off on those styles and forms which may be achievable, and 
yet satisfy most of the stylists requirements. 
Since the automobile is a consumer· product, reflecting con!emporary fashions and 
tastes, a business imperative for the panel manufacturer is to achieve new styling 
features more quickly, and deliver these to the market ahead of the competition. 
Inevitably this will mean a greater need to commit to designs that stretch their technical 
capabilities and process knowledge, i.e. to operate more often in the unknown. 
Such commitment to operating in a regime that is comparatively unknown is somewhat 
at odds with the need to reduce time to production. The die try-out phase of panel 
manufacture, i.e. the time to explore, discover, learn and refine how to make the new 
panel, is getting shorter and -shorter. Techniques and methods that have helped other 
engineering disciplines overcome similar time constraints are not yet sufficiently 
reliable to utilise in stamping. For instance, finite element methods are making dramatic 
inroads, but there remain a number of significant issues to be overcome before it can be 
applied confidently in a.quantitative manner. . 
The stamping process is inherently complex and remains dependent on experienced 
operators. Consequently an element of the "over the wall" approach to manufacturing 
pervades. It is extremely difficult to predict the likely success of the process until a part 
is actually made. Die try-out is the key element of this route. 
l 
Die try-out occurs between die design and panel production. The aim is to transform the 
stamping tool as designed, into a tool that will successfully deform a sheet of steel, time 
after time, into the required shape. Try-out is very much a hands-on, labour intensive 
process that bridges the gap in the product development cycle between design intent and 
manufacture. The time required to get a part running for the first time may vary between 
2 and 8 weeks, with try out being the critical phase. 
An underlying problem with try-out is that the conditions under which the tool is 
adjusted, and where the first few hundred parts are run, are not the same as those used in 
production. This is a problem because the press settings defined in try-out typically 
become those used in production and there is considerable chance that such settings are 
inappropriate--certainly they are not the optimum settings. Another disturbing feature 
of the try-out function is that the responsibility of the team involved is to simply make 
the first few hundred parts. Responsibility for volumes beyond that the lie with the 
Production Department. This means that the responsibility for determining the optimum 
operating conditions effectively lies with the Production Department, despite being 
p~ovi~ed with a tool that w~s n~ver tried under true prod1:1ction conditions. The .bus!ness 
pressures on Production to make panels means that optimisation can occur 1n a 
haphazard manner on the factory floor, and can take many months. 
It is unlikely that the physical need for try out will be eliminated until methods for die 
design and simulated try out are improved. However, considerable savings in optimising 
the press settings in production can be achieved by providing a systematic method to 
characterise the response of the sheet metal in the production press. 
It is the aim of this work to provide a method of system identification that is appropriate 
for the production of sheet metal stampings. This will be achieved by applying design of 
experiment (DoE) techniques and response surface methodology (RSM) to characterise 
the response of a specific panel in a specific press under a variety of press settings. The 
·~ 
key feature of this work is to relate panel quality to press se{dngs. There are a number of 
criterion that can be used to assess panel quality. These metrics are generally man.1:1al 
measurements which are time consuming to obtain. There is a clear need to quickly 
assess panel quality. This may also allow feedback control of the stamping process 
which is not presently possible in the stamping production environment. The correlation 
of press sensor output to panel quality is also explored in this work, primarily as a 
2 
potential method to make the system identification process more efficient, and to 
provide a reference for iterative process control. 
Shop floor knowledge has been built up over many years of expenence, but this 
knowledge is typically supported by intuitive concepts that make sense only to the 
specific individual. Intimate and expert knowledge of sheet metal forming in a scientific 
sense is not widespread. Nevertheless it has been left to the shop floor experts to solve 
stamping problems, and when the rules and intuition they have developed over the years 
begin to fail them, there are even fewer genuine experts in the field who can step in and 
solve practical problems. The automotive stamping industry is subject to continuous 
changes to improve quality and meet new functional demands from customers. This is 
witnessed by the introduction of new steels, new blank configurations and new 
techniques for controlling the stamping process. As this occurs the knowledge base of 
the shop floor expert is slowly becoming less relevant. Combined with the increasing 
emphasis on reducing delivery time of product to customer, the demands on production 
to make quality parts as quickly as possible have never been greater. Any tools that 
assist in this context will provide a competitive advantage, and this is a further aim this 
\ t \ t \ t 
work. In a sense the empirical relationships developed using DoE allow many years 
worth of experiences to be rapidly developed and then utilised by a far wider group. 
Much of the theory required to understand sheet metal forming is given in Chapter 2. It 
discusses the important material properties that relate to sheet metal forming, as well as 
introducing the various modes of deformation that take place when a sbeet of steel is 
def armed. The types of stamping machinery available is discussed in Chapter 3 
predominantly because research conducted in the field may be relevant to specific 
equipment. Furthermore, this work was conducted on two distinct press types and it is 
important to recognise and appreciate the differences. A discussion of the process 
variables as they apply to deep drawing completes Chapter 3. 
Chapter 4 discusses the various attempt~ that have been used to apply process control to 
the stamping process. This incorporates the different types of instrume[).tation and the 
techniques employed by other researchers to control the sheet metal forming process. 
This is an important chapter because it highlights how difficult it is to obtain meaningful 
feedback from the stamping process. 
The statistically based technique of design of experiment (DoE) and the associated 
procedure of response surface methodology (RSM) is introduced in Chapter 5. The 
3 
response surf ace technique is applied in Chapter 6 to demonstrate practical1 y how useful 
it is within a production stamping plant. Chapter 7 explores how to utilise press sensor 
outputs to improve the DoE/RSM method applied in Chapter 6. 
The conclusions, recommendations and areas of future work are presented in Chapter 8. 
,.,. . 
4 
Chapter 2 Material Properties and Forming Modes 
The key requirements of a skin ( exterior) car panel are fit and surface finish. Fit is the 
spatial relationship each panel has to neighbouring panels. For example, it is important 
that there is a consistency in the gaps between the doors and the pillar frame. Certain 
regions of a skin panel are categorised as having Class A surface finish requirement, 
e.g. about the door handles. These are regions most likely to be noticed and criticised by 
the vehicle purchaser. Less demanding surface finish requirements are applied to areas 
such as the floor pan because it gets covered by carpet. Consequently there is a higher 
emphasis on skin panel quality and this translates to a higher demand on material 
performance through the stamping process. 
Issues affecting surf ace quality extend from the obvious cases of splits and wrinkles, to 
isolated blemishes caused by external contaminants, to the subtleties of lows. A low is 
where the panel profile deviates locally from the intended line towards the car's interior. 
This is very difficult to identify immediately after stamping, but highly noticeable after 
the panel has been painted with a high gloss paint. Examination of panel quality in a 
' t ' t \ t. 
highlight room is performed before commencing a production run (buy off), and then 
audited periodically through the run to assure that surface quality is maintained. 
Clearly fit and surf ace quality are functions of the stamping process. To achieve 
acceptable results the stamping system must be performing at . an acceptable standard. A 
key feature of the system is the behaviour of the material being def<2_rmed i.e. its 
formability. A number of well known tests are used to characterise material behaviour 
and these are discussed along with the various modes of sheet metal deformation . 
2. 1 Flow Rule 
To date the uniaxial tensile test is the most commonly accepted method for extracting 
material property data. Certainly it is used by the steel manufacturers to monitor and 
.. 
assess their steel making process. The properties obtained include Young 's modulus , the 
proof or yield stress cry , (defining the onset of plastic deformation), and the ultimate 
tensile stress or UTS ( defining the onset of necking) and are used to grade the steel 
quality. 
The confounding issue is that uniaxial stress is not even a likely mode of deformation 
during sheet metal stamping, and so the results obtained from the uniaxial tensile test 
5 
are limited in their application. Biaxial tests, which permit the yield stress to be 
determined at any combination of tensile and transverse load, have been developed 
(Muller et al. (1996)), but these are extremely difficult to perform. Sample preparation 
is much more difficult than for the uniaxial test and the testing equipment is also more 
complex. Hence the information gained from the uniaxial tensile test is generally used 
to ascertain how well a particular material will perform when subjected to a stamping 
process. 
Typically, the anisotropy of the material (R), the work hardening index (n) and uniform 
elongation (UE) are used to describe the formability of the steel. All of these material 
properties are determined from the uniaxial tensile test. 
The uniaxial tensile test is used to provide basic information regarding material strength 
and ductility under both elastic and plastic conditions. The test produces an engineering 
stress-strain curve (s vs. e) which relates the applied load, P and the change in 
extension, & to the original specimen dimensions L0 ( original specimen length) and A0 
( original specimen cross sectional area). These relationships are expressed in equations ( 
2-1 ) and ( 2~2) ·while an example of an ·engineering stress-strain ·curve is shown in 
Figure 2-1. 
(1.1 
O' 
0 
'-
<U 
> q 
~--Slroin lo fracture ---
Uniform slro,n -i 
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I 
I 
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I 
I 
Offset 
I yield 
I slrenqlh 
I 
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slren9t/J 
Convenlionol strain e 
Fracture 
5/ress 
~ . . 
Figure 2-1 Engineering stress-strain curve 
As sheet metal forming involves plastic deformation there is a requirement to 
understand how far the metal can be plastically deformed before it begins to neck. In 
Figure 2-1 necking starts once the Uniform strain has been reached, and continues until 
the test piece fractures. How far can be expressed either in terms of strain or stress, and 
an interesting fact is that while a material may have plenty of strain left before it starts 
6 
to neck it may only need a small increase in stress. This is. important in the context of 
sheet metal forming where the control over applied load is reasonably poor. 
The true stress-strain curve ( CJ vs. s) is frequently called a flow curve because it gives 
the stress required to cause the metal to flow plastically to any given strain. The true 
stress-strain curve, which takes into account the instantaneous cross-sectional area, can 
. be determined from the engineering stress-strain data by applying equations ( 2-3 ) and ( 
2-4 ). A comparison of the engineering and true stress strain curves is shown in Figure 
2-2. 
CJ=s(e+l) 
fL dL L £= -'-ln-=ln(e+l) L L Lo 
.. 
., 
C> 
I... 
V') 
Enq inP.ering stress 
stra in curve 
Strain 
b 
Figure 2-2 Comparison of engineering and true stress-strain curves 
( 2-1 ) 
( 2-2 ) 
( 2-3 ) 
( 2-4 ) . 
In the region of uniform plastic deformation the flow curve of many metals is most 
commonly expressed by the power curve relation, Eq . ( 2-5 ), where n is the strain 
hardening exponent and K is the strength coefficient. 
CJ= Ks 0 ( 2-5) 
7 
One of the basic characteristics of plastic deformation is that a metal is essentially 
incompressible. Hence the volume of a solid remains constant during plastic 
deformation. Constancy of volume can be expressed mathematically, Eq. ( 2-6) through 
( 2-8 ) where ei is engineering strain and Si is true strain. 
( 2-6) 
ln(l + e1) + ln(l + e2) + ln(l + e3) 0 ( 2-7) 
Si = ln(l + ei) ( 2-8) 
Constancy of volume permits the third strain to be calculated when the other two are 
known. This relationship is utilised in a technique called circle grid analysis discussed 
in section 2.8. 
2.2 Uniform Elongation (UE) 
Ductility is considered a qualitative, subjective material property (Dieter (1987)) and it 
js of interest in sheet metal forming because it indjcat~s the extent to which. a material 
can be deformed without fracture. Conventional measures of ductility (elongation and 
reduction of area) are obtained from the tensile test after the test piece has fractured. 
Unfortunately a significant amount of plastic deformation occurs during necking and 
this depends on the gauge length of the test piece. Smaller gauge lengths tend to have 
higher values of ductility. The issue of necking can be avoided by measuring the 
uniform elongation (UE). 
Whilst not strictly a measure of material ductility, UE does give an indication of how far 
the material can be strained before necking will occur. UE is the horizontal distance 
from the origin to the strain at UTS on the engineering stress-strain curve (shown as 
'Uniform strain' in Figure 2-1 ). Because the engineering stress-strain curve is quite 
often flat in the vicinity of necking it can be difficult to estaplish the strain at maximum 
load without ambiguity, as witnessed by Herron et al. (1997). 
2.3 Work Hardening Exponent (n) 
A log-log plot of true stress and true strain up to the maximum load will result in a 
straight line if Eq. ( 2-5 ) is satisfied by the data. The linear slope of this line is defined 
as the work ( or strain) hardening exponent n, and K defines the true stress when s = 1.0 
(see Figure 2-3). The work hardening exponent may have values ranging from n = 0 
8 
(perfectly plastic solid) to n = l (elastic solid). For most metals n has values between · 
0.10 and 0.50. 
C) 
::::i 
'-
O' 
0 
0.001 
a 
n=-
~--r 
K 
0.01 0.1 1.0 
True strain ! 
A 
n == I 12 
n=O 
1.0 
E 
B 
Figure 2 -3 (A) Log-log plot of true stress-strain curve. (B) various forms of power 
curve. Dieter (1987) 
The n value is a measure of how well the steel is able to distribute the load it is 
subjected to, with high values of n indicating a high work hardening ability and a 
~ 
greater capacity to distribute applied load. Hence, materials with a high n value are 
more 'desirable from a forming perspective, as shown in Figure 2-4 and Figure 2-5. In 
sheet metal forming it is desirable that the applied load be distributed to prevent 
localised tearing. 
fjgure 2-4 shows that peak strain is reduced as the n value is increased from 0.20 to 
0.45. It is also observed that the strain is spread more evenly across the panel. This is 
valuable information because splining failures are much more likely to occur where a 
high strain gradient exists. This is demonstrated in Figure 2-5 where material A is 
shown to rapidly exceed the critical strain level in the last 13 mm of forming. Material 
B, which has a more uniform-spread of strain, demonstrates a much more stable strain 
response and approaches the critical strain level in a more gradual f asruon over the last 
13 mm of forming. 
. . 
It is recommended that the strain range over which n was determined pe quoted. For 
instance Keeler ( 1998) specifies that the n value should be measured between 15% 
strain and the UTS, primarily because this is the zone of critical importance. 
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Figure 2-4 The effect of n value on strain distribution. Keeler ( 1998) 
An implication of recent steel development is that while the yield strengths of steels 
have increased (to improve dent resistance for example), the ultimate tensile strengths 
(UTS) have not (Hayashi (1996)). The effect of this yield strength increase is to lower 
the n values. This can be visualised from the stress-strain curve where as the yield 
strength increases the gradient between the yield point and the UTS must decrease. 
Hence, the stronger the material the lower the forming limit due to the decreased 
ductility. The relationship between uniform elongation (UE), or ductility, and n value is 
shown in Eq. ( 2-9 ). 
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Figure 2-5 The effect of strain gradient on strain distribution, Keeler (1998) 
2.4 Anisotropy (R value) 
If a material property shows identical behaviour in all directions it is said to be 
isotropic. Steel does not display isotropic behaviour for plastic strain-it is anisotropic. 
Within the context of sheet metal forming anisotropy refers exclusively to plastic strain 
behaviour. Anisotropy (R) is a measure of the manner in which the material strains in 
one dir~---L0n with respect to another:- specifically the wiutiJthickness ratio er 
Eq. ( 2-10). It is broadly used a<; a measure of the materials resistance to thinning. · 
( 2-10) * 
The reason for the steel anisotropy is largely a consequence of the rolling process used 
_ to reduce the thickness of the slab to sheet (roughly a reduction from 170mm to 
0.70mm). The cold rolling stage dominates the degree of anisotropy in steel because as 
. 
the degree of cold rolling is increased there is a greater alignment of the body-centred 
cubic (BCC) crystallographic structure towards the preferred orientation ( or texture) 
with respect to the direction of maximum strain. 
Rolling 
plane 
(A) 
Rollinq 
Figure 2-6 Two basic crystalline orientations that can be obtained in rolled 
plates of body-centred cubic metals, Reed-Hill et al. (1992) 
The deformation texture of a sheet produced by rolling is described by the aligiiment of 
the crystallographic planes parallel to the surface of the sheet, and the crystallographic 
directions in that plane which are parallel to the direction of rolling. In BCC metals the 
predominant rolling texture consists of { 100} planes+ oriented parallel to~ the plane of 
the sheet with the (110) directions in the rolling direction. This arrangement is shown in 
· Figure 2-6 (A), whilst the direction shown in (B) belong? to the ( 100) family . 
• 
wo and ware the initial and final width and to and tare the initial and final thickness, usually found 
using the constancy of volume relationship 
+ The reader is referred to Reed-Hill for a description of Miller indices and crystallographic notation 
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If the R value of a material is 1 then the properties are identical in the plane of the sheet 
as well as in the thickness direction. The material is said to be isotropic. Most R values 
in steel fall the in the range 1 to 2. According to Dieter (1987), the theoretical limit on 
Rm for metals with a BCC crystallographic structure appears to be 3. 
Individual R v?l.ue measurements i~ the laboratory are influenced by t~e orientation of 
the tensile test piece with respect i:O the rolling direction. The accepted method for 
overcoming this is to use an average of individual R measurements taken at a variety of 
orientations, i.e. tensile test pieces are prepared at different angles to the rolling 
direction of the sheet, viz. 0°, 45° and 90°. Each R value measurement is then identified 
as Ro, 14s and R90. 
The average R can be expressed in one of two ways; normal anisotropy (Rm or R ) as 
described in Eq. ( 2-11 ) and planar anisotropy (Af<) as described in Eq. ( 2-12 ). These 
two measures have quite different implications on how the metal is considered to 
respond to deformation. Large values of & are undesirable because it means there is a 
large difference in material behaviour in orthogonal orientations which can lead to a 
forming defect known as earing. Conversely, hi,gh values of Rm are desirable because it 
indicates the steel is resistant to thinning during the forming process. 
Extensometers are used to measure the longitudinal and width strains during the tensile 
test. The thickness strain is not measured, but calculated from the longitudinal and 
width strain data using the constancy of volume relationship of equation ( 2-6 ). Clearly 
the width/thickness ratio will vary with longitudinal strain, so the value of the 
longitudinal strain should accompany any reported R value. Unfortunately R is often 
quoted without reference to longitudinal strain. 
R +2R +R 
Rm ( or R) == o 4 45 90 ( 2-11 ) 
( 2-12) 
12 
Herron et al. (1997) found the R value to be extremely difficult to measure accurately. A 
high degree of sensitivity in width strain measurement is required in order to have 
confidence in the derived thickness strain value. R is also often quoted without 
reference to the value of (longitudinal) strain at which it was determined. Consequently 
any discussions regarding R should be made with this in mind to avoid hasty 
conclusions. 
The n value is generally considered to influence stretch type forming operations 
whereas the Rm value is considered to govern draw type operations. 
2.5 Draw 
The term draw relates to the fact that metal has to be pulled, or drawn into the die. For 
example to make the deep shape of a cup. If the metal could not be drawn into the die 
then it would split as the punch continues to move down into the die. 
Draw is best explained by using the example of the formed cup. The configuration starts 
with a circular blank of diameter ( db), which is larger than the punch diameter ( dp)- The 
blank is centred .over the die and held down firmly by the blankholc;ier. .The punch then 
moves down and presses the blank into the die cavity (Figure 2-7). 
The first point to note is that the circumference of the blank is significantly greater than 
the circumference of the cup. Metal must therefore be compressed in the circumferential 
direction as it flows from the blank edge in towards the cup (Figure 2-8). 
The initial punch descent, after contact with the blank, causes the blank to bend over the 
die radius. Bending relates to metal that has altered its shape without having altered its 
length. The neutral axis of bent metal does not move during the process, because if it 
-
had the length of the material had changed. Work hardening occurs during bending 
despite the length of the neutral axis of the blank not increasing. 
"" . 
Further punch descent causes the draw phase to begin, with flange material being drawn 
over the die radius. A higher load is required to cause the previously work hardened 
material to be pulled down and straightened along the cup wall, and into the die cavity 
(Figure 2-9). The metal in the cup wall gets thinner as the draw process continues. 
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Figure 2-7 Deep draw of a cup 
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{also punch Original 
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Metal 
------- flow 
Arrow length denotes degree 
of squeezing required 
Figure 2-8 Compression of blank during cup draw 
The metal at the base of the· cup is not deformed at all and retains the original blank 
thickness. The base does play an important role in the draw process as it transfers the 
load from the punch to the rest of the blank. Continued draw can lead to splitting of the 
cup wall, near the punch radius, as the tensile forces in the metal continue to cause 
thinning (Figure 2-10). 
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Figure 2-9 Early stage of cup draw 
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Figure 2-10 Stress state and modes of deformation in cup draw 
11' . 
2.6 The Flange 
A consequence of the draw process, and of the blank perimeter having to _be compressed 
into a smaller diameter, is that the metal will tend to thicken and then wrinkle in the 
flange area (Figure 2-11). Wrinkles are typically unacceptable because they cause 
fitment problems with mating components. 
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Wrinkling pattern 
Total edge 
No further squeezing action 
after metal flows over die radius 
15 to 25% thicker 
than blank 
Figure 2-11 Final stages of cup draw 
An interesting aspect of the draw process is that it is actually possible to prevent 
wrinkling by using thicker blank material. This is partially explained by Euler's 
buck.ling theory which states that the critical load to cause a column to buckle is 
proportional to the cross sectional area of that column. Hence, thin columns buckle 
before thick ones. In terms of cup draw this can be visualised by considering Figure 
2-12 where section A-A is from a 30° slice of the blank and can be considered as a 
l • \ ' 
column loaded under compression. Increasing the thickness of the blank effectively 
increases the ability of the column to resist compressive loading and provide wrinkle 
free operation. In the automotive .industry this is an unacceptable solution because 
increasing panel thickness adds to the weight of the car, generating increased pollution 
through exhaust emissions. In fact a number of programs are under way to use thinner 
gauge steel, which actually makes it more difficult to draw panels. 
Alternatively, improved stability can be achieved by shortening the column. This 
effectively reduces the ratio of blank to punch diameter ( dt/dp) by either reducing the 
blank diameter (and therefore the total cup depth possible) or increasing the cup 
diameter. Neither of these solutions may be pennitted from the designers perspective. 
The practical solution to preventing buckling is to apply · a supporting force to the 
column, as in a buttress. In stamping operations this _ is achieved by applying __ the 
blankholder force. Where this approach is inadequate the pragmatic solution is to go to 
a larger punch diameter and then re-draw to the specified diameter in a subsequent 
operation. 
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The ratio (dt/dp) referred to above, is known as the limiting draw ratio (LDR) and is 
used to express the maximum blank size capable of being drawn in a given die. The 
Swift test is typically used to generate the LDR (Swift (1952)). 
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Figure 2 -12 Buckling under compressive loads 
An interesting correlation exists between the limiting draw ratio (LDR) and Rm (Dieter 
1987) which also indicates how well steel compares with other materials in terms of 
drawability (Figure 2-13). For instance steel has a higher LDR than aluminium 
indicating that steel is easier to draw. Certain grades of usually more expensive steel are 
easier to draw than other grades, and given that the cost analysis is favourable a change 
in steel grade my be required to overcome problems making a particular part. 
The main restriction of the draw process is overcoming the combined loads of 
compression, bending, straightening and friction (static and dynamic) during the early 
stages of punch descent. Circumferential compression of the flange is the largest of 
these loads, and tearing will occur if the load required to continue· drawing this 
thickened material down over the die radius exceeds the tensile strength of the material. 
17 
0 Copper, Titonru~ 
Brass, ...... ~~---1 
Aluminum SI eel ----
~ 3.0 .._ ____ _ 
O' 
C 
"j 
~ 2.0 ~---- =-
c,, · Zinc 
C 
E 
_J 
Q I 
0.2 
J,A-:--e;:::::::::::: 
_ ......... ,--- _ .... 
-- - o-6 ,......---------1 
I I I l I 
0 4 0.6 1.0 2.0 
A~erage strain rat io, R 
I 
4.0 
I 
6.0 
Figure 2-13 Correlation between limiting draw ratio and Rm ( R in diagram) for a 
Wide range of sheet metals 
2.7 Modes of Deformation and the Forming Limit Diagram 
Cup draw is subject to a subset of all deformation modes that can operate in sheet metal 
forming. Figure 2-14 displays the five primary deformation modes related to the major 
and minor strains. It is possible for a complex automotive panel to exhibit each of these 
modes at various locations about the panel. 
The forming limit diagram (FLD) developed by Keeler and Goodwin, (Meyers et al. 
(1984)), has the same axes as Figure 2-14 but portrays extremely useful formability 
l t \ t I 
limits. The FLD is an experimentally determined curve that identifies the maximum 
strains that can be applied before failure occurs by necking. It is shown in Figure 2-15 
with thickness strain. 
The left side of the FLD relates to the drawing mode where metal has been compressed, 
or where the minor strain is negative. This mode is generally considered to be 
influenced by Rm, while n is considered less relevant. 
The stretch mode is shown to the right where the minor strain is positive. Such a 
condition causes the material to thin. High n values combined with low Rm values are 
considered beneficial in this region. 
Plane strain is the condition of zero minor strain. It is arguably the more dangerous 
mode possible because it requires the lowest major strain to cause failure. It is a very · 
common mode and most automotive panels will show regions of plane strain. 
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Figure 2-14 Sheet metal forming modes, Keeler (1998) 
A critical point on the FLD diagram is the FLDo. It corresponds to the critical plane 
strain i.e . the value of major strain (at zero minor strain) at which point the steel can be 
expected to split. The FLDo is the construction point for the formability limits on FLD 
, diagrams . The critical value·s of major strain at alf otner values of minor strain are given 
once the FLDo point has been determined. The formability limit is shown as the heavy 
line in Figure 2-15. Combinations of major and minor strain in a panel that sit above the 
formability limit can be expected to cause failure by splitting. 
The FLDo value is determined from the material thickness (T) and its n value, Eq. ( 
2-13 ). It is also possible to establish the critical thickness strain (tc) that can be expected 
to cause necking, Eq. ( 2-14 ). 
FLD ( ml ) (23.3 + 14.J 7 T)n o m mm = -------
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( 2-13 ) 
1 
tc (mm/mm)= -1 
· · (1 + FLDo) 
( 2-14) 
,.. . 
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Figure 2-15 Forming limit diagram 
The usefulness of the FLD is that, when used in conjunction with a technique called 
circle grid analysis, it is possible to identify how close any panel is to failure and where 
that failure is likely to occur (Keeler ( 1968) ). Furthermore it is possible to identify 
which deformation modes are operating and thereby permit strategies to be developed to 
overcome any problems. 
2.8 Circle Grid Analysis 
According to the ASTM 1996 Standard for determining plastic strain "A568M X4: 
Procedures for determining the extent of plastic deformation encountered in forming or 
drawing", the preferred method to evaluate deformation during the forming of a flat 
..... . 
sheet into a panel is to use circle grid analysis in conjunction with the FLD. Alternative 
techniques are the scribed square and change in thickness methods. 
Circle grid analysis begins by electrochemically etching a stencil of uniformly patterned 
circles onto the surf ace of the blank. A variety of patterns and circle diameters (2.5mm, 
5mm) are available (Figure 2-16) and selection is based on requirement. 
20 
A 8 
C 
Figure 2-16 Four commonly used circle grid patterns: 
A-separate B-butt 
C-overlap D-double overlap 
The etched circles get distorted into ellipses as the blank is deformed into shape (Figure 
2-17). These ellipses have a major and minor axis that can be measured to determine the 
amount of major and minor strain (e 1 and e2 respectively). The major strain e1 is always 
defined to be the direction in which the greatest positive strain has occurred. It is not 
related to original blank alignment or sheet rolling direction (although these will 
. influence how the blank responds). The minor. strain e2 is defined to be .90° to the major 
strain direction (Figure 2-18). 
A transparent, flexible ruler is used to measure the major and minor strains directly 
from the panel. The ruler can be laid over and follow the contours of the panel surface. 
Dividers can also be used to determine the dimensions of the ellipses in areas that show 
less deformation. 
Figure 2-1 7 Classic example of circle grid application (Keeler 1968) 
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Figure 2-18 Major and minor strain directions on deformed circle grid 
The e1 and e2 values are plotted on the FLD to evaluate where the point lies in relation 
to the formability limit. If it lies above the limit then a splitting failure can be expected. 
Clearly it is desirable to operate at some point below the limit. The safety margin is 
defined as the vertical difference between e1 and the limit. Severity is defined as the 
' . 
ratio of e1 to the critical strain, expressed as a percentage. 
Care is needed when applying circle grid analysis because the information obtained 
relates to the strain state of the fully formed panel. It tells nothing of the strain history of 
the metal during the deformation process, or between sequential forming stages. For 
instance the metal at a particular location will undergo a series of strain conditions 
during punch descent, before the stroke is completed. This strain path history can 
provide very important information when it comes to understanding a sheet metal 
forming problem. 
2.9 Thickness and the FLD 
An alternative approach to that outlined above is to use thickness measurements to 
...... . 
establish strain severity. This is particularly useful in the draw mode as it eliminates the 
need for repetitive circle grid analysis, and only requires a single measuremenr. -·Of 
course circle grid analysis is necessary in the first instance to confirm the presence of 
the draw mode. 
The FLD can be expressed in terms of minor and thickness strains as shown in Figure 
2-19. This shows that the critical thickness strain remains constant in conditions of draw 
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(negative minor strain). In the stretch mode the critical thickness strain increases with 
increasing minor strain thereby making thickness measurements in this mode unreliable 
as a sole measure of panel quality. This highlights the importance of knowing the mode 
of deformation before taking thickness measurements. 
THICKNESS 
STRAIN 
_ __.__JV 
MINOR STRAIN 
Figure 2-19 Thickness FLD, Keeler ( 1968) 
\ . \ . \ ' \ 
A qualitative indication of draw is all that is required in order to apply the severity 
equation ( 2-15 ). 
Severity (o/o) t - tc 100 --x--
T- t 1 
C 
( 2-15 ) 
Here t is the panel thickness measured after farming, tc is the critical th1ckness strain 
and T is the original blank thickness. The safety margin is an expression of how much 
further the metal could thin before it reaches the critical thickness where splitting would 
be expected to occur. 
. . 
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Chapter 3 Stamping Presses 
The stamping press is essentially a machine that deforms a flat sheet of steel (the blank) 
into some three dimensional shape. A line of presses is typically used to transform the 
blank into a final component. The first press in the line is used to put most of the 
deformation into the part, and is typically called the draw press. 
In essence the press . is a rigid frame within which a sliding ram moves the upper half of 
a die into intimate contact with the stationary lower half of the die. The frame also 
supports the driving mechanism for the sliding ram. 
There is a wide array of press types available to perform sheet metal stamping. Presses 
can have different punch speeds, tonnage capacities, drive mechanisms, frame shape, 
frame stiffness, frame construction, frame orientation, slide action (i.e. single, double or 
triple) and so on. Consequently presses can be considered to be a custom made machine 
with more than 10 rarely being made to the same design. 
Two different mechanical presses were used in this s~udy and both have quite .diff~rent 
\ ' I ' 
characteristics. Research conducted by other groups have used different types of 
presses, the most common being hydraulic based. A short comparison is given below 
whilst a more complete reference is provided by Eary et al. (1974). 
3. 1 Single and Double Action Presses 
Action refers to the number of slides or rams on the press, hence a single action press 
has one slide while a double action press has two . Single action presses operate by 
applying the binder force and the punch force from a single ram. The blank is placed on 
the pneumatically supported cushion (blankholder) which initially sits above the 
stationary punch (Figure 3-1 ). The ram, to which the die is bolted, is driven down by the 
crankshaft. The die makes contact with the blank, which is then gripped between the 
blankholder and the die. The punch is exposed as the cushion is pushed down by the 
driving crank. Draw beads get formed at this stage, if they are being used to control the 
flow of the blank into the die (section 3.4.1). The outer regions of the blank (the flange) 
continues to be gripped between the die and cushion with a degree of force while the 
unsupported centre region of the blank is forced to deform over the fixed punch. 
The depth of draw depends on the crank throw, the vertical position of the punch and 
the position of the upper die with respect to the connecting rod (the slide adjust). The 
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cushion .pressure that resists the downward motion 1s adjustable and so plays an 
important role in determining how well the blank is restrained. 
Knockout 
pin and --+--#:.__#-:~1 
i----Die holder 
plate 
Keeper 
Lower shoe 
ptn 
Punch riser 
Figure 3-1 A single action draw die configuration for experimentation, Eary et 
al. (1974) 
The double action press effectively separates the flange binding action from the punch 
forming action. Both actions are delivered from the same motor but are -separated by 
suitable arrangement of linkages and gears. The outer ram descends before the inner 
ram so the blank can be firmly gripped prior to the punch making contact. The outer 
ram is guided by the press fram~, as is the ram in the single action press, whilst the inner 
ram is guided by the outer ram. 
The linkage permits the outer ram to dwell at the bottom of its cycle. It is common 
"' . 
practice to have the rams operate at maximum speed through those segments of the 
cycle that do not influence the drawing process; for instance when the rams ascend and 
at some point prior to making contact on the down stroke. This reduces the amount of 
dead time in the process, so allowing a higher throughput of parts. 
A double action press is only used in the first operation of a stamping line where the 
most deformation occurs i.e. the deep draw operation. This is because the deep draw 
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process is difficult to complete without the added control offered by the double action 
press. 
Single action presses are commonly used for the subsequent operations such as 
trimming, re-striking and flanging. They usually have faster cycle times, primarily 
because they have smaller strokes than double action presses. The double action press is 
designed to take large dies and have capacities up to 4000 tons whereas single action 
presses can deliyer up to 250 tons. 
3.1.1 Binder Force 
Kirii et al. ( 1995) identified two major differences between single action and double 
action processes. The first relates to binder force distribution, the second to binder force 
fluctuation. 
Because the binder force is provided through a flat plate driven at each of the four 
corners of the double action press the force changes gradually between the operating 
points. In the single action press the use of cushion pins brings about distortions in the 
binding surf ace. 
For the double action process binding starts as bottom dead centre of the outer ram is 
approached; the slowest part of the outer ram's cycle. Punch forming starts only after 
beading has been completed. This is not possible in the single action press where 
binding starts a little over half way through the ram stroke, when the ram is travelling 
relatively quickly. Draw bead formation, punch exposure and metal flow· into the die 
occur simultaneously in the single action press. 
Binding is a high speed contact in the single action press. To achieve the same relative 
motion as the double action press, a cushion (supported by a pneumatic piston via 
pressure pins as shown in Figure 3-1) is depressed by the upper die as bottom dead 
centre is approached. The elastic behaviour of the pneum,.~tic cushion response brings 
about the following problems in the single action press. 
• Fluctuation in binder force at initial contact 
• Incomplete draw bead shape 
• Increasing binder force during the stroke (due to increasing compressive resistance 
produced by the cushion) 
In light of the work of Hirose et al. (1992) the third problem can be disputed. He 
showed the best blank holder force profile during the stroke is that which is low in the 
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early stage and high in the later stage. This would be achieved in a single action press. 
Conversely, Kirii et al. (1995) found a lower binding force towards the end of the stroke 
was better. 
Attempts have been made to make the single action press perform in a similar manner to 
the double action press by incorporating feedback controlled hydraulic cylinders 
between the binder and die. The press manufacturer · Schuler have such press systems 
available for purchase (Schuler Pressen ( 1997)) and Kirii has a US patent on a similar 
system (Hirose et al. (1992)). The purpose of such systems is to dampen the initial hit 
between ram and die, and then apply a predetermined blankholding force. This is an 
improvement on simply using that force brought about by the mechanical action of the 
ram on the tooling. 
Toyota has developed a cushion pin load equaliser system designed to keep the binding 
force distributed evenly over the surface (Kirii et al. ( 1992); Manabe et al. ( 1996)). 
3.2 Hydraulic and Mechanical Presses 
.The basic distinction .here is in the mechanism used to drive the ram. The .ram can be 
operated by mechanical means via a flywheel, gearing and crankshaft arrangement, or it 
can be operated hydraulically in which case the piston and the press ram operate as a 
single unit. 
Perhaps the greatest difference between these types of press is in terms of what happens 
at the binder/die interface of a double action press. The mechanical press cfrives the ring 
binder a distance set by the length of connecting rod and the associated slide-adjust that 
joins the crankshaft to the ram. The binder is physically unable to travel beyond this end 
point ( or for that matter pull up short of this distance). The distance between the binder 
and the die at the bottom of its travel is therefore described as being of a constant 
clearance. 
. ... ' 
The mechanical press delivers its maximum tonnage towards the bottom of the stroke. A 
flywheel is commonly used in combination with a gear train to transfer ·the load to the 
panel. 
Hydraulic presses can be controlled so that the binder maintains a constant force against 
the die. The hydraulic press is therefore described as providing constant force, 
Belingardi et al. ( 1993). The maximum tonnage can be applied at any point during the 
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stroke, and the stroke length can be readily altered. The hydraulic press appears to be 
the favoured machine in researching sheet metal forming, most probably because it is a 
more flexible and controllable device for laboratory use. No hydraulic presses are in use 
at the Ford Geelong stamping plant, and none of the work in this thesis was performed 
on a hydraulic press. 
3.3 C-Frame and Straight Sided Presses 
The press frame construction determines how effectively the energy of the drive system 
will be transferred into the forming process. The frames can be cast or constructed of 
welded steel. The two types used in this work are discussed below. 
Large straight sided presses, up to 4000 tons, are generally constructed of three vertical 
segments, the bed, upright and crown, that together form a box shape (Figure 3-2). 
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Figure 3-2 The straight side press, Eary et al. ( 197 4) 
The three segments are held together by large diameter £le rods, one in each comer. 
During press assembly the tie rods are heated as they are bolted down so that they will 
be in tension after they have cooled down. The tie rods counter the load transmitted 
each time the press is cycled. In other words, the tie rods prevent the three segments of 
the press from exploding apart under load. A clear indication that a press has been 
overloaded is that the stretched tie rods allow a visible gap to appear between the three 
segments of the press when under load. 
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It would be difficult to achieve the same degree of tension in each tie rod considering 
that the rod is manually flame heated and the nut is screwed down as tight as physically 
possible. This is important because it indicates that an even load distribution within the 
press could not possibly be achieved. 
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Figure 3-3 The C frame press, Eary et al. ( 197 4) 
The C-frame press (Figure 3-3) is a made from a single construction. The slide action 
occurs in the open gap of the C. As the slide reaches bottom dead centre the C yawns 
open and resistance to this yawn depends on the compliance of the presS- frame. It is 
possible to use tie rods to minimise the amount of yawn by placing one at each corner of 
the open frame. Yawning puts the front half of the press in tension and the back half in 
compression. 
C-frame presses are used for smaller tonnage jobs up to 250 tons such as cutting, light 
forming and shallow drawing. 
3.4 Process Variables 
There are a number of variables, aside from the physical variations of press 
construction, that influence the sheet metal forming process. These are discussed below. 
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3~4.1 Draw Beads 
Draw beads impede the flow of metal from the blank flange area into the die. They are 
positioned outside the trim line of the final panel, and are typically found on the ring 
binder of the double action press (Figure 3-4). They work by forcing the metal in the 
flange area to bend and unbend as it is drawn into the die cavity. Effectively the draw 
bead induces an increase in plastic deformation, and work hardens the steel as it flows 
over the bead into the die. 
Blank holder 
Die ste€l 
with bead 
~ BEAD TO RETARD METAL FLOW 
..0 
eJ 
' 
I 
X 
0 
..::::i 
i Punch 
1 
radius \ I Loose metal due to 
high flow rate in 
flat wal I of box 
WITHOUT BEAD 
Figure 3 -4 The use of draw beads to control metal flow 
The actual number, position and size of the draw bead(s) is the decision of the tool 
maker. Their experience guides them in making these decisions. It is quite common for 
the geometry to be altered slightly during the try-out phase of panel manufacture. 
Grinding the bead, or building the bead up with weld metal are the two techniques used 
in try out to alter metal flow. Unfortunately little of the knowledge from these 
alterations (regarding the decision making process and/or the effect of the new geometry 
'",. . 
on panel quality) makes its way back from try out to design; perpetuating the "over the 
wall" design and manufacture cycle. 
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3.4.2 Shut Height 
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Figure 3-5 Distance B indicates shut height, Smith (1994) 
Shut height on a press is measured with the ram at the bottom of its stroke. It is the 
maximum closed distance between the press ram lower surface and the bed top surface 
(Figure 3-5). The slide adjustment screw, positioned between the ram and the 
connecting rod, is able to lengthen or shorten this three piece assembly, so altering the 
shut h~ig~t. 
The main purpose of adjustable shut height is to permit a variety of dies to be run in the 
same press. For instance the shut height can be increased significantly in order to fit a 
taller die into the gap. 
The impact of shut height adjustment in terms of the process is that minor _adjustments 
in shut height for the same die can have a dramatic impact on the success of the draw. 
This is because the shut height effectively determines how far into the blank the binder 
will drive, or colloquially, how hard the binder hits the blank. Having the binder come 
. 
down harder effectively grips the blank more tightly, hence increasing the resistance to 
the flow of the blank into the die. 
A problem with manual set-up is that a careles·s die setter can adjust the shut height 
such that the ram drives down beyond the required limit and can stall or ~reak the press. 
This is the major reason for the installation of press tonnage monitors-to prevent 
repeated excursions of applied tonnage beyond the design capacity of the press. 
Instrumentation is available to adjust and monitor the shut height and this presents a 
major advance in press set-up. It allows the press to be set automatically when a new 
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die is introduced. Unfortunately, as with many electronic devices, shut height monitors 
are susceptible to drift, and manual calibration is necessary from time to time. 
3.4.3 Corner Pressure and Overload Protection 
Within the slide adjust mechanism of double action presses there are two interconnected 
oil reservoirs (see Figure 3-6). One limits the amount of load transferred to the ram 
while the other protects the press from overload conditions. The former is adjusted by 
the die setter and is called the corner pressure. Increasing the corner pressure effectively 
stiffens the connecting rod assembly, which can influence metal flow about that corner. 
Figure 3-6 Slide overload protection: 
a load transmitting piston b cylinder ,.,. . c oil cushion 
d valve position pH retaining pressure 
e main valve seat 
pV preload pressure 
Harsch et al. ( 1994) 
Overload protection is pre-set by the press manufacturer. When the load transmitted 
through the slide adjust exceeds the pre-set pressure limit, a safety valve opens and 
'dumps' the oil from the reservoir. As the reservoir is an inch or so deep it allows the 
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press assembly some space in which to relax. This occurs . quickly enough to protect the 
press from serious damage. 
The use of comer pressure as a method of controlling the draw process is not approved 
within the Ford Geelong operation. This is because the permutations of four comer 
pressure settings, each with an infinite operating range, is so large as to cause a 
significant waste of time when troubleshooting a production problem. Current 
production wisdom deems it better to leave these settings constant and equal, and use 
other parameters to make process improvements. 
3.4.4 Shims 
A very direc~ method of controlling local metal flow is to use shims. Shims are thin 
pieces of brass sheet (0.10 to 0.25mm thick) used as spacers to increase the height of the 
balance blocks positioned around the ring binder. There may be anything between one 
_ and eight such balance blocks about a -die, and they are used to alter the load 
distribution around the ring binder. 
The, lo~al gap between die ~d. binder is increased by ~ddi.ng shims to a balanc~ block. 
The shim effectively prevents the binder from coming down to the bottom dead centre 
position and leaves a gap between the binder and the die at the bottom of the stroke. A 
larger gap means less resistance to metal flow in that region. 
Hence, it may be possible to eradicate a splitting problem in a panel by adding shims to 
a balance -block in the region. Too much shim can lead to wrinkling- because of 
insufficient binding force. 
A disadvantage to using shims is that the increased physical resistance to the driving 
mechanism causes a much greater load on the press. It is possible to 'overset' the press 
with shims and cause catastrophic failure to either the press or the tooling. 
Another disadvantage of using shims is that · it is not a very reliable method of 
controlling the process. Furthermore, the effe_cts of local changes on othe~ regions of the 
die are not well understood. For instance, raising the point where the ring binder 
contacts the die in one location must cause the ring binder to cock over in another 
location, with consequent effects on metal flow in that second region. 
The use of shim is more a function of compensation for poor die design or set-up and is 
not generally considered an acceptable method of control. Nevertheless a shim has a 
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pronounced effect on the draw process, more so than adjusting corner pressures, and 
that is why die setters like to use it. Comer pressure is a more subtle means for 
controlling metal flow and is probably a suitable strategy only when the die system is 
correctly tuned. In other words, comer pressure is more of a fine tune control, rather 
than the coarse tuning achieved with shim. 
Some confusion regarding tenninology exists across the stamping industry. 3 block 
types distinguished in Ford US (Ford Motor Company (1990)) are: 
• stop blocks, to aid setting shut height and for die storage 
• balance blocks, to cope with dies requiring offset loading, and 
• equalising blocks, to alter the local gap between binder and die 
At Ford Geelong the distinction between block types is not so clear. Shims may be used 
on any available blocks in order to correct a metal flow problem (Anskaitis (1998)). 
3.4.5 Lubrication 
Lubrication plays an extremely important role in sheet metal forming because it helps 
control the fl'ow of metal into the die. 1t does so by providing a huniber of mechanisms 
that reduce friction and protect the metal surfaces. Lubricants are composed of a number 
of chemical constituents that are held in a carrier solution. Each of the constituents 
performs a specific function, as does the carrier. 
There are three lubricant regimes relevant to sheet metal forming, namely: 
• hydrostatic; lubricant forms a physical barrier between asperity valleys 
• hydrodynamic; the lubricant is in contact with moving surf aces 
• boundary; the lubricant operates at a molecular level near the surf ace and there is 
considerable metal to metal contact 
Considerable quantities of heat are generated through internal and external friction as 
the metal gets defom1ed into shape. The carrier helps to e~Jract this heat and keeps the 
process thermally stable. Rising temperature leads to expansion of the ~ooling, which 
leads to diminishing clearances that restrict metal flow. The carrier is also used· to 
extend the more costly constituents throughout the working zone, as well as to remove_. 
any debris and contaminant that may be present. Water is the most commonly used 
carrier and is about twice as effective as mineral oil in heat dissipation. Water based 
lubrication is also more attuned to the water based paint system used by Ford to paint 
the cars. 
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Fatty oils, fatty acids, soaps, waxes and certain synthetic oils are polar organic materials 
that provide the basis for boundary regime lubrication. A thin film of these agents helps 
to distribute the load and protect the metal surfaces as they come into contact with each 
other. 
Mechanical extreme pressure agents form a physical barrier between the workpiece and 
the tool. They prev.ent macroscopic welding under extreme pressure conditions. Talc, 
graphite, calcium carbonate and molybdenum disulfide are the most effective. 
Asperities can weld together under extreme pressure conditions. Chemical extreme 
pressure agents combine with the fatty oils to improve the bond required for adequate 
boundary regime lubrication. These agents also extend_ the effective upper temperature 
range of 200 °C up to 800 °C, depending on the choice of chemical agent. The most 
commonly used are chlorinated, phosphorous and sulphurised oils. 
Emulsifiers are used to readily permit the formation of a stable emulsion in solution. 
They also assist in rust prevention. 
· Small concentrations· of ·special purpose additives ·are also used to provide resistance to 
bacterial attack, to prevent foaming of the emulsion and to improve corrosion resistance. 
Whilst lubrication is recognised as having a major effect on the process, it is extremely 
difficult to study. The coefficient of friction µ, as described by the usual Coulomb 
relation of Eq. ( 3-1 ), is widely used. A challenge to the application of finite element 
methods to study sheet metal farming is to apply a more realistic coefficient of friction 
in the calculations-without knowing which values are more realistic than others! 
Certainly the coefficient of friction along the flange is going to be quite different from 
that at the punch radius, and other regions of deformation. In fact, µ is sometimes used 
as a 'correction' factor in FE analysis to make the model fit experimental results . 
F== µN 
. . 
( 3-1 ) 
-
2 dimensional FE analysis by Sa ( 1989) to establish the relative significance of the 
major parameters that govern sheet metal formability found that of all the variables 
studied the coefficient of friction was the most critical. He varied lhe coefficient of 
friction value from 0.01 (near frictionless) to 0.40 (extremely high) and found· that even 
a small change in µ made a big difference in final strains. A reduction in strain of 25 % 
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was achieved by changing µ from 0.13 to 0.08. 
It is important to understand that a number of parameters other than lubricant 
composition _also interact to establish the friction conditions. These include applied 
pressure, die surface texture, material surface texture, material properties, surface 
hardness, surface coating and plastic strain. It is extremely difficult to determine how 
these parameters interact, and the problem of understanding friction extends well 
beyond the field of sheet metal forming . 
. A number of laboratory tests have been developed to try and quantify the · effects of 
friction as it relates to sheet metal forming. The two most popular ones are the flat face 
friction test and the draw bead simulator test. Respectively, these attempt to identify the 
coefficient of friction operating along the flange ·between the binder and the die, and 
that operating over draw beads. These tests are performed on equipment that bear little 
resemblance to actual draw die tooling which makes it difficult to extrapolate test 
results to actual press shop conditions . 
. Work continues in this field to improve the understanding of how friction influences the 
farming process. Kemosky et al. ( 1998) for example is developing a force transducer 
that can be positioned qver the die shoulder. The force required to pull the metal over 
the · radius is measured and converted to a value for the coefficient of friction. It is 
anticipated that such a device can be used to provide real time feedback in a closed loop 
control system that alters the height of the draw bead. 
Analysis of Kemosky's work revealed behaviour that could be explained by the load 
being supported by trapped lubricant. Lubricant that gets trapped in valleys in the 
surface of the workpiece cannot escape and the hydrostatic pressure that develops 
supports part of the load, causing a decrease in the coefficient of friction. This 
observation is applied to advantage in aluminium forming where lasers are used to make 
microscopic channels in the blank surf ace. The channels trap the lubricant and improve 
forming conditions. 
Research is also being conducted into establishing that amount of forming load that is 
attributable to friction. Danyi et al. ( 1996) . took the approach that by subtracting punch 
and blankholder loads from the total process force he would be left with that amount 
due to friction. This necessitates extensive instrumentation of the press but does start to 
isolate the individual mechanisms operating in the sheet metal forming process. 
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Chapter 4 Stamping Process Control 
Within the production environment there is an extremely high dependence on the 
reliability of the stamping press. A single press may be used to manufacture more than 
20 individual components, with the tooling for each component almost being custom 
made to suit that specific press. As was stated in Chapter 3, presses themselves can be 
considered as custom made machines and so any breakdown or failure can lead to 
expensive repairs, considerable downtime and loss of production. Consequently there is 
a strong emphasis within production plants to ensure that presses are not operated in a 
manner that exceeds their structural capabilities. Presses are designed with built-in 
mechanisms that help to minimise the impact of any overloading situation. For example, 
if two sheets of steel were loaded together into the die the increased pressure registered 
in the hydraulic overload system would trigger the hydraulic fluid that runs through the 
press to be dumped. This provides enough clearance to avoid mechanical damage. 
Aside from accidental overloads there also exists the possibility that a press can be 
operated for extended periods at higher than desirable loads. Continued operation at 
\ . \ . \ . 
such levels causes an increase in the frequency of fatigue related failures. A universal 
approach taken within stamping plants to address this issue is to attach tonnage 
monitors to the press. Tonnage monitors consist of strain gauges mounted to the press 
frame and report the maximum tonnage generated during a stroke (after calibration). 
The die setter, press operator or line supervisor can then compare the generated tonnage 
to the design capability of the press and take action to reduce the generated tonnage to 
safer levels. 
The intent of this instrument has subsequently been transformed such that a particular 
combination of tonnage readings becomes a target when setting a particular die for a 
production run. For instance Ford's Process Control Plans (PCP's) for a particular 
component will stipulate how much tonnage should be generated at each comer of the 
"' . 
blankholder as well as how much shut height is required, the speed of the press etc. 
So it is seen that the purpose of the tonnage monitor on presses has undergone a subtle 
shift in purpose. Extended from being one of purely monitoring the process to prevent 
catastrophic damage, to a tool that po ten ti ally allows a die to be set in the press more 
effectively, with a commensurate improvement in part quality. A further impact of the 
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tonnage monitor on the stamping psyche is that it opens up the idea of incorporating 
other sensing devices in the process in order to improve knowledge of the system. 
4. 1 Identifying Stamping Variability with Instrumentation 
The blank varies in both material properties and dimensions and it is incumbent on the 
steel supplier to assure that such variation is controlled within acceptable limits. The 
material properties of interest are yield strength ( cry) , ultimate tensile strength (UTS), 
work hardening index (n) and normal anisotropy (Rm), while thickness is the main 
dimensional issue. 
The length and width of the blank also attracts interest but these dimensions are usually 
established during the blank reduction phase of die try-out. The driver for blank 
reduction is essentially to minimise the amount of trimmed scrap after the panel has 
been formed and to maximise the number of panels that can be farmed from a coil of 
steel. The blanking operation is generally well controlled, although it has attracted some 
recent attention because it operates at very high production rates-in excess of 100 parts 
p~r minute. Errors can qui~kly. result in thousands of scrp.pped components. In, orqer to 
maintain supply of consistent quality blanks to the draw press, in-die sensing using 
strain gauges and accelerometers provide a means of applying process control (Breitling 
et al. (1997)). Indeed, Breitling's work in blanking is extremely relevant to work in this 
thesis and is discussed in Section 4.3. 
Bltimel used a pair of laser gauges to monitor in-line the thickness of the blank (Blumel 
et al. ( 1986); Blumel et al. ( 1988)). This system was quick and allowed every single 
blank to be measured as it entered the blank loader unit. The thickness was measured 
across the width of the blank and the mean thickness recorded. He found that the 
variation in thickness was 10 times better than the variation in blankholder gap. This 
information suggested to him that the steel suppliers had achieved a level of control that 
was not matched by the stamping operators. He believed ~at if improvements were to 
be made in stamping the responsibility settled squarely at the feet of the stamping 
operations. 
Bltimel used two displacement transducers to monitor blankholder position and 
blankholder gap. By monitoring the gap at the front and rear of the die he was able to 
monitor the change in tilt with time. He discovered that the slide tilted forward, towards 
the blank loader, at the beginning of his trial , and later, at the end of the trial, it tilted 
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increasingly in the other direction. This information was useful in explaining the 
difference in force measured at the four corners of the blankholder over the trial. 
Furthermore it indicated that variation in press performance influenced metal flow into 
the die. Changes in tilt alter the local corner pressures which in turn cause an increased 
or decreased resistance to local metal flow. 
Changing tilt equates to changing blankholder gap and, as was stated earlier, the 
variation in blankholder gap was identified to be up to 10 times greater than the 
variation in blank thickness. The blankholder·was observed to intermittently lift off the 
blank and descend again, which effectively meant that material flow could not be 
optimally controlled. This again highlights the variability in press performance as 
having a major influence on the stamping process. 
Blume! et al. ( 1986) took this approach to measure corner pressures of both inner and 
outer slides and discovered that the set punch pressure could not be maintained during 
an extended run. The force dropped marked! y as the number of strokes increased. He 
also observed that changes in blank thickness, or grade, did not result in uniform 
reaction ,in blankholder pressure response between ·the · four corners. This · was 
highlighted as an example of press variation. 
Temperature has the potential to alter die clearances due to the expansion of the tooling. 
The reality also is that the mass of steel and cast iron used in the tooling is so large as to 
be an excellent heat sink for any heat generated in the process. Temperature can also 
affect lubricant behaviour. Additives are generally added to lubricants used in high 
temperature operations such as turning to ensure adequate lubricant behaviour. Without 
such additives lubricant can break down and not perform as required. 
Blumel et al. ( 1986) mounted thermocouples in regions of the die that were never in 
physical contact during the forming process i.e. in the female cavity of a draw bead. 
Under different forming conditions he was abl~ .to record the rise in local temperature, 
and the rate at which it was dissipated. It also revealed that die temperature reached 
steady state over a prolonged production run. 
Bli.imel was able to conclude that no single temperature exists that can be regarded as 
constant during operation. He did find that the die temperature rose by aro_und 6 °C 
from ambient after approximately I 00 strokes at a rate of 10 strokes per minute (spm). 
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This was enough to cause the viscosity of the lubricant used to decrease from 55 to 
,., 
40 c St cmm-/s). 
Due to flexing of the tool and difficulties in correctly bedding the die, the load 
distribution is recognised as being unlikely to be even across the blankholder. A method 
used for quantifying load distribution is to use a sheet of dye filled capsules. As the 
sheet gets compressed by the two mating surf aces the capsules split and release the dye. 
The colour density can be related to the applied pressure. This approach has been taken 
by Bauer et al. (1990) and Mori et al. (1984) to determine how uniformly distributed the 
load from the binder onto the workpiece is. The approach is limited to small loads as 
large loads cause all the capsules to break. Consequently research in this area has been 
limited to studying the elastic phase of the deformation process or studies where the 
steel blank is replaced with lead sheet. 
Doege et al. (1995) used pressure measuring foils that perform in a similar manner, the 
foil changed colour depending on how much pressure was applied. His work led him to 
develop elastic blank holders instead of the usual rigid blank holders employed. 
The results of these works indicate that much greater pressure is applied near to where 
the line of force operates. In order to gain more uniform pressure distribution, or to gain 
better control of pressure distribution some researchers have developed the segmented 
die with gas operated cylinders positioned beneath the separate segments of the die. The 
gas cylinders are set to different pressures in order to obtain a more desirable load 
distribution over the workpiece. This has shown clear advantages over the typical solid 
die construction with regard to drawing tailor welded blanks (Siegert et al. (1997)). 
Tailore welded blanks are a new approach to making automobile panels as they consist 
of different steel grades and gauge welded together as a single blank. Much greater 
forming control is required than found in conventional presses. 
,. 
4.2 Categorisation of the Stamping Process 
> . 
?v1anufacturing systems can be categorised as being either serial or parallel in na~_re. 
The parallel process, where much of the forming is achieved very quickly , is highly 
productive· ·a complex tool provides the shape. Stamping, injection moulding and die 
casting are examples of parallel processes. In contrast, the serial process is inherently 
flexible and controllable; the trajectory of a tool determines shape output. Welding, 
laser cutting and machining are examples of serial processes. 
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Table 4-1 Control method families based on decreasing bandwidth, Hardt ( 1993) 
Criteria Control Method Bandwidth 
Td < Lp Real time or in-process control High 
Td = Lp Iterative control 1 
Td = 10-100 Lp Sampling and statistical process control 1 
3 T d = 10 Lp Empirical modeling and process 1 
Td = months Warranty recall Low 
As shown in Table 4-1, if the rate -rp at which the manufacturing process transforms the 
raw material into a complex product is greater than the time to return a measure of the 
process T d, then the system is suitable for real-time control. T d increases the appropriate 
control method passes from real time control through iterative based ones and to 
empirical modeling. The slowest form of control is that of warranty recall where T d 
takes the form of customer feedback. 
Sheet metal forming quite definitely falls in the T d = 10-100 -rp range. For large 
,cofI?-ponents with a deep ~ra\Y the production rate, ,including loading and unloading the 
panel, would be around 10 parts per minute. The time required to conduct any 
quantitative circle grid analysis could be up to an hour or more, for a single part! 
Dimensional checks for hole locations etc would also take at least a few minutes to 
complete. Such manually intensive data acquisition systems leave little opportunity for 
.. ~ : 
controlling sheet metal forming in a real time sense. 
An important facet of process control is that feedback can either be related to the 
geometry or properties of the product (process output control), or it can be taken from 
some intermediate machine or :rpaterial state such as forces or displacements (process 
parameter control). Two implications of these distinctions are that; 
• parameter control leaves the actual geometry generation process outside the control 
loop ,. · 
• parameter control can be used to get machine movements to follow a pre-specified 
trajectory, as in NC (numerical control) machining 
The choice of feedback signal for stamping is somewhat limited due to the rapid speed 
at which the actual deformation process occurs, and to the poor accessibility to the 
tooling work face. 
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Output control is very difficult to implement in stamping primarily because of the 
complexity of the interactions of all forming factors. This is the reason why statistical 
process control charts are not widely used in the stamping industry (Sa (1989)). 
Essentially it is extremely difficult to use control charts to evaluate a specific output 
property because it is difficult to know which input variable to alter in order to correct 
the process. Measuring panel geometry is also a laborious process and requires 
expensive Jigs. 
Parameter control provides the best opportunities for controlling the stamping process 
because it isolates a specific press variable and allows it to be monitored. The speed at 
which the data can be retrieved opens the opportunity to move into an iterative control 
scheme. The difficulty is that very few sensors exist that allow the intermediate state of 
either material or press to be reliably determined. There also remains little opportunity 
to make a correction to the press during real-time while the press is run at production 
rates. The hardware required to rapidly respond to a command is not readily available. 
Nevertheless research is occurring in this field as discussed in Section 4.3. 
4.3 Control Schemes and Process Improvements 
As was pointed out in the beginning of this Chapter, the key reason for introducing 
tonnage monitors onto presses was to protect them from catastrophic damage. It is very 
appealing to extend this feature to an instrument that also permits statistical process 
control. This has in fact become a topic of commercial activity (Arbuckle (1995); Green 
(1995)) . 
Software has been developed so that instead of simply recording peak tonnage, the 
tonnage developed through the stroke can be continuously recorded. Such a trace is 
commonly referred to as a tonnage signature, and it is proposed that the shape of these 
signatures be used to monitor the stamping process. The approach taken is to record a 
number of signatures for a particular component and averaoe these into a 'master' 
"'-,. . b 
signature. Control limits are then applied to this master and any subsequent signatures . 
that fall outside these limits are flagged to the operator for investigation. Research· in 
this area is being conducted within the Near Zero Stamping task of the Auto Body-
Consortium (Auto Body Consortium (1998)). Unfortunately this group only releases 
information to its members, which together form an alliance designed to protect and 
promote US industry. 
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A key advantage to having strain gauges mounted on the press frame is that they can 
provide data regardless of which die has been installed in the press. This also means that 
the strain gauges are out of the way of any tooling changeover movements, which 
certainly helps to keep them from being damaged. In terms of cost it also cheaper to 
have a single set of sensors to monitor a large number of different dies. 
The literature reveals however that, as far as process control and being able to relate 
sensor output to panel quality is concerned, there exist superior locations and sensor 
types than that offered by having strain gauges mounted on the press frame (Breitling et · 
al. (1997)). 
The press frame is considered too distant from where the forming action occurs. The 
recorded signature is a superposition of all the operations performed in the die and is 
influenced by press dynamics. 
The tonnage monitor converts the strain measured in the press frame to a tonnage that 
represents that amount of force observed between the bolsters during the calibration 
process. How representative this is to the deformation process once a die has been 
.. \ ' \ .. 
installed is open to discussion. An interesting fact regarding the calibration of tonnage 
monitors is that the calibration is performed at a single point only of the possible 
tonnage spectrum. Typically this point is about 10% below the rated capacity of the 
press-recalling that tonnage monitors are primarily designed to provide protection 
from overload, and it is prudent to have an accurate measurement where it is most 
-
important. Away from this point the displayed tonnage could be quite different from the 
true tonnage. This has a profound effect on the quantitative reliability of tonnage 
signatures. 
Breitling et al. (1997) investigated the sensitivity of different sensor locations and types 
in a blanking operation. In particular he compared the responses of sensors mounted 
within the tooling with sensors mounted on tpe press frame and the crank shaft. He 
produced tonnage signatures to analyse the results (Figure 4-1). Different grades of steel 
were used to establish how sensitive a piezo· sensor positioned in die was (Figure 4-2). 
He also investigated the effects of punch/die clearance and stroke rate. His conclusions 
included that sensors positioned closer to the line of force were more discriminating 
than those that were positioned some distance away. 
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Ficrure 4-1 b Different signal discrimination depending on location (and type) of 
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upright = press frame mounted strain gauge 
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piezo die = piezo-electric in-die sensor (HELM TPL312) 
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Figure 4-2 Piezo sensor signal for different blank materials 
m54 = mild steel 
m57 = high strength steel, 0.020" thicker than m54 and m59 
m59 = low carbon steel Breitling et al. ( 1997) 
He also identified two disadvantages in using in-die sensors. 
• complex deflections of the tool prevented them from being calibrated 
• the high cost of dedicating a sensor to a specific piece of tooling 
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The advantage was the in-die sensors were able to show much more detailed 
information about the process. Certainly more than a press frame mounted strain gauge 
or a triaxial acceleration sensor mounted in the lower die. The in-die sensors were able 
to detect changes in shearing mode as well as misalignment between the punch and die. 
The press frame mounted sensor and the accelerometer were only able to provide 
information about major process changes. 
With the improved sensitivity offered by in-die sensors came the opportunity for 
researchers to apply real-time process control. The in-die sensors allowed the signatures 
for a variety of stamping conditions to be recorded. 
Work performed by Havranek ( 1977) identified a wrinkling limit on the Keeler-. 
Goodwin FLD. He developed this work to examine the effect of process variables on 
the maximum depth to which a conical cup could be drawn. The results shown · in Figure 
4-3 reveal a specific blank.holder force is required in order to achieve the largest 
possible cup height. 
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Figure 4~3 The effect of forming parameters on the workable range of 
blankholder fore es 
1: base condition 
3: larger die radius 
2: larger blank size 
·4 : smaller punch radius 
Using lower blankholder force resulted in failure by buckling at some height less than 
maximum, higher force caused splitting at some height less than maximum. Such curves 
became essential elements of process control strategies subsequently developed. Hardt 
et al. ( 1986) for instance measured the ·proximity of the sheet strain-state to the buckling 
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or tearing limit in closed-loop control strategies to achieve the deepest possible cup 
draw. He recognised that a successful controller would be one that remained between 
the two limits during the entire defonnation cycle. 
Coincident with the work into process control strategies was the investigation of the 
effect of variable blankholder force during forming. As was stated in chapter 3 
mechanical presses are deemed constant clearance presses whilst hydraulic presses can 
be referred to as constant force presses. Havranek' s work utilised constant blank holder 
force (BHF) but work has since been performed into the effects of variable blank holder 
force on part quality. Hirose et al. ( 1992) determined that a low blank holder force early 
in the cycle, followed by a high one towards the end, was better than a constant force or 
a monotonically decreasing one, in order to prevent wrinkling (Figure 4-4). The switch 
from low to high had to be carefully chosen in order to prevent splitting as it induced a 
dramatic change in strain state from negative to positive minor strain. He successfully 
employed this scheme to remove undesirable deflections about an automotive door 
handle. 
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Figure 4-4 Comparison of two blank holder force strategies on body wrinkle, 
Hirose et a[. ( 1992) 
Conversely, Kirii et al. (1995) found that a scheme that started with a high blank holder 
force and then decreased during the stroke provided better panel quality. His work was 
conducted on a single action press whilst that of Hirose' s ~as on a double action press 
The work was also performed on different parts, Hirose' s on a door and Kirii 's op a 
body side. Clearly the press action and panel shape have a significant bearing on which 
type of blank holder control scheme will perform best. Each of these researchers had to 
experimentally explore a wide range of schemes in order to arrive at the best one. The 
cost involved in identifying the optimum scheme in this manner should not be ignored. 
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The conflict between scheme types has also been identified in different areas of the 
same part. Manabe et al. ( 1996) tested the performance of variable blank holder force 
applied over a cellularly divided blank holder (a blankholder constructed from separate 
elements, or cells) which allowed each element to apply a differen·t force scheme to the 
blank than its neighbour. This permitted him to apply different schemes in different 
areas of a square cup. He was able to use this system to improve drawability i.e. obtain 
the same cup height but with reduced wall thinning, because it enabled different 
variable blank holder force schemes to be applied in the corner, along the sides and in 
the intermediate region of the box (Figure 4-5). 
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Figure 4-5 Variable blank holder force schemes applied in cellularly divided 
blank holder 
Ascertaining the signature shape that coincided with wrinkled parts and the shape that 
coincided with split parts effectively forms a bQunded system within which a good part 
would be formed. A clear approach taken by various researchers is that they have 
defined a signature trajectory within the bounds and then controlled the blankholder 
such that the trajectory was followed. Some caution is needed here because it is not 
always clear if the speed of the press used to investigate the process control system has 
been artificially slowed down to permit the feedback loop to operate effectively. 
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Siegert et al. (1997) argued that systems that are able to follow a predetermined BHF 
curve/trajectory over the stroke have limited application. If input conditions change a 
new trajectory must be defined, at a cost of increased scrap and lost production. He 
pointed to the need to have closed loop control of BHF adjustment so that an automatic 
correction of the BHF is achieved when the input parameters change. Four forming 
parameters were identified as being useful for formulating a parameter curve that 
characterised the desired forming process. These forming parameters were: 
• punch force • wrinkle height 
• material edge flow in • friction force 
The problem then was identifying and incorporating measurement devices in the die to 
actually monitor the forming parameters. The device output could then be used as the 
control parameter in a closed loop control system. Each of the parameters were 
considered and their advantages and disadvantages are shown in Table 4-1. 
Table 4-1 Assessment of forming parameters for closed loop control 
Parameter 
(sensor. type) 
punch force 
(load cell) 
wrinkle height 
(displacement transducer) 
edge flow-in 
(inductive tongue sensor) 
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friction force 
(3 component piezo 
transducer) 
A.dvantage 
• ease of installation 
• low risk of damage 
• more accurate than 
binder gap measurement 
• distinguishes between 
split and wrinkled states 
• suitable for closed loop 
control 
• very strong reaction to 
tribological changes 
most relevant to material 
flow 
• appropriate in areas with 
and without tendency to 
wrinkle 
• suitable for closed loop 
control 
1• .. 
Disadvantage 
• sum of farming, bending 
and friction forces 
• insensitive to subtle 
changes in friction 
• only applicable where 
wrinkles occur 
• need to combine with a 
control system that 
incorporates wrinkle free 
operation 
• die radius is a better 
location but no sensor 
available 
• complicated sensor 
construction 
The desired friction force curves required during the stroke were stored in a data unit of 
the controller. Siegert makes no mention of how difficult or time consuming it was to 
define said curves for each segment of the die, nor what criteria were used to define 
them. Initial investigations were such that the BHF was controlled in order to maintain a 
constant friction force of 7kN (Figure 4-6). 
Experiments were performed on a single action press using a segmented die that 
contained piezo transducers. The press system used was itself quite advanced in that it 
had CNC controllable hydraulic cylinders as well as CNC controllable cushion pins. 
This is typical of the modem presses now being manufactured by the press 
manufacturers such as Schuler Pressen. 
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Figure 4-6 Closed loop control of friction, Siegert et al. ( 1997) 
It was found that the BHF had to vary by large amounts during the stroke to follow the 
target curve (Figure 4-7). Testing was performed under different lubricant conditions to 
determine how well the control system responded to different tribological conditions. 
The work was extended to follow a friction force curve that was constant at the 
beginning and increased towards the end. In all cases the actual friction force followed 
the desired nominal curve. 
• · 
The Institute for Metal Forming Technology (IFU) of the University of Stuttgart are 
intending to combine a wrinkle detection system with the friction force system to 
produce cups in a closed loop system that will permit maximum quality and draw depth. 
Meanwhile, Doege et al. (1994) has developed a new flange draw-in test that uses both 
tactile sensors to monitor the flow of the blank edge and optical reflex sensors (bar code 
wands) mounted in the tooling to monitor the flow of metal into the die cavity. The 
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metal needed to be etched with concentric lines in order for the optical sensors to 
function. The thrust of his work was to establish the state of stress and strain in the 
flange in order to predict the forces needed to perform a deep draw operation. The 
sensors he used could also be utilised in a closed loop control system. 
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Figure 4-7 Dynamic control of BHF to achieve nominal friction force of 7kN, 
Siegert et al. ( 1997) 
Flange draw-in was used, by Hardt et al. ( 1993), along with punch force in two separate 
approaches for applying real time process control. He related the amount of draw-in to a 
nonnalised average thickness t , which was a term he used to describe the maintenance 
of a specified amount of material in the 'free' section (the unsupported region between 
the punch radius and the die radius) during the draw process. An empirically determined 
trajectory was determined by performing a series of constant blank.holder force 
experiments (Figure 4-8). This was found to be an exponential curve. 
The L VDT he initially used to monitor the flow in of the blank edge was found to be 
unreliable and was replaced with a device that comprised of a lubricated string, 
anchored at one end, attached to an L VDT at the other, and'then wound once around the 
periphery of the blank. As the blank circumference reduced with the punch stroke,_ the 
average draw-in over the entire circumference was recorded. 
Splitting failures during the experiments were easily identified by a drop in the punch 
force, whilst wrinkling failures were identified using photocells contained within a light 
sealed container. Wrinkling caused the container to lift off the wall of the cup which 
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exposed the photocells to the lamp light. A · threshold was set that denoted the onset of 
buckling failure, and it was found that the signal varied with the degree of buckling . 
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Figure 4-8 Closed loop tangential force control of a conical cup 
Punch force was converted to a tangential force Fr which indicated the magnitude of the 
radial stress at the punch. Hardt considered this to be a critical stress measure and 
suitable for monitoring the progress of the draw process . As . witri t the optimal 
\ ' \ .. 
trajectory to be used in the process control loop was determined through a series of 
constant blankholder tests, similar to those by Havranek that produced Figure 4-3. A 
linear curve was defined for the optimal trajectory. The problem with Fr was that its 
optimal trajectory was significantly altered by changes in blank thickness , yield and 
plastic properties of the material. This necessitated a separate series of experiments to 
determine the new optimal trajectory. 
Testing of the optimal trajectories was conducted with different lubrication, blank 
diameter and initial blank holde~ force. In each case the closed loop controller was able 
to force the process to achieve the optimum_ conditions (see Figure 4-9). The normalised 
average thickness approach was found to be more robust than the tangential force 
method with re.gard to handling unknown thickness changes. However the tangential 
force method required simpler instrumentation and was easier to implement. 
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Figure 4-9 Blankholder force response for closed loop tangential force control 
of conical cup at different initial blankholder force 
Hardt concluded that even simple control strategies to modulate blank.holder forces in 
real time can significantly affect the maintenance of consistent performance of sheet 
stamping operations. 
4.4 Summary 
The variability that exists within the sheet metal forming process has been clearly 
identified and a number of approaches have been taken to cope with that variability in 
order to produce quality panels. A modem approach has been to adopt segmented dies 
where each segment is operated by its own CNC controllable hydraulic cylinder. This 
provides improved control of variable blank holder force application about the die, so 
long as the optimum trajectory is known. Determining the optimum trajectory requires a 
good deal of experimentation under a wide range of operating conditions which is 
obviously expensive in terms of both scrap produced and lost production. The trajectory 
used can be an expression of a forming parameter, such as edge flow-in, or of some 
theoretical function such as average thickness in the unsupported zone. 
'l' ... . 
Expensive tooling and servo control hydraulic equipment also need to be fitted in order 
for any sheet metal forming manufacturer to pursue these approaches. These features 
will probably be introduced as new capital is justified and purchased. In the meantime 
there remains a great need to improve the robustness of existing press systems. 
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Chapter 5 Design of Experiment 
5. 1 Classical Experimentation 
The classical approach to experimentation (for finding optimum operating conditions) 
proceeds by adjusting one independent variable at a time, keeping all others constant, 
and measuring the response of the dependent variable. The optimum setting for the 
independent variable is that which provided the best response. All subsequent 
experiments are performed with this value held constant-until each independent variable 
has been tested. Once completed the experimentalist believes the optimum set of 
operating conditions have been identified. 
80 
E 70 
"' ~
t:n 
-0 
"' 
>-
60 
t,._ • 130 
60 90 120 150 180 
time (min) t 
(u) First set o( experiments: yield versus rc:action time. temperature held fixed at 225°C. 
80 
.. 
E 
.. 70 ~ 
t:n 
-0 
.. 
>-
60 
T,_. • 225 
210 220 230 240 250 
tem~n,nr ("Cl T 
(b) Second set of experiments: yield vcmu tempenturc. reaction time held fixed at !JO minute=. 
Figure 5-1 Hypothetical results from a ·classical one variable at a time 
approach, Box et al. ( 1978) 
This approach is portrayed in Figure 5-1 for a chemical reaction in which the aim is to 
maximise the product yield from 2 independent variables , temperature and time of 
reaction. The first set of experiments, Figure 5-1 ( a), identified the optimum reaction 
time to be 130 minutes. The second set of experiments were then performed, Figure 
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5-1 (b ), with reaction time held fixed at 130 minutes. This reveals the optimum reaction 
temperature to be 225°C. 
The conclusion from this experimental approach is that an optimum yield of about 75o/o 
will be achieved by operating the reactor at a temperature of 225°C for a period of 130 
minutes. This may be true but it will more likely be due to chance than good 
experimental process. 
The reason for experimentation is to estimate the true relationship that exists between 
the independent variables (inputs) and the dependent output (response). The design of 
experiment (DoE) technique provides a number of distinct advantages over the classical 
approach as will be explained using Figure 5-2. 
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Figure 5-2 Possible true response surface representing yield versus reaction 
time and temperature, with points shown for classical approach, Box et al. 
(1978) 
After having optimised the reaction time in the first experimental series (the horizontal 
line in Figure 5-2), there is no chance of identifying the true optimum operating 
conditions in the second series where temperature alone is altered (the vertical line in 
Figure 5-2). This is because an interaction exists between the two input variables that is 
not identified when the classical approach is applied. It is evident from Figure 5-2 that a 
yield exceeding 91 % can be achieved by operating the chemical reactor at 253 °C for 68 
minutes. The classical experimentalist remains ignorant of this fact. The challenge is 
how to identify this optimum setting as efficiently as possible. 
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A total of 10 experimental runs were performed in the above example and the 
experimentalist, whilst having identified a better set of operating conditions, still has no 
idea of the location of the true optimum. In other words there is no indication from the 
data that a higher yield is possible if he were to operate at higher temperatures for 
shorter times. Historically, use of "one at time" experimental approaches have proven 
costly and inefficient (Green et al. (1995)). 
A two level DoE, where inputs are tested only between a high and a low level, is the 
simplest design to apply. The range to be investigated is still at the discretion of the 
experimentalist and, if no prior knowledge of the system exists, it is prudent to conduct 
a short sensitivity trial prior to designing the experiment to help determine what values 
of high and low level are appropriate. 
By measunng the response at each combination of high and low setting for every 
variable, the experiment is defined as a fully crossed factorial DoE. In the two variable 
illustration given in Figure 5-1 the design would be described as a 22 DoE, and the 
minimum number of experiments required to complete the design would be 4. Generally 
the .number of experiments, e, required to complete a full factorial experiment depends 
on the number of input variables ( or factors), i, and the number of levels, l, as shown in 
Eq. ( 5-1 ). 
I 
e=l ( 5-1 ) 
Only two levels are necessary because the linear analysis of the data will indicate quite 
clearly where to conduct the next set of factorial experiments*. The advantage over the 
classical approach is that the location of the true optimum has been tentatively identified 
in less than half the number of_ runs. In as many runs again the optimum setting will 
have been more clearly identified. 
The DoE approach is very attractive when a large number of variables have to be 
"' . 
investigated. Compared to the classical approach, significantly fewer experimental runs 
are required to obtain useful information, such as which variables actually have an effect 
on the response, and which ones do not. 
• If there is no clear indication the design points lie on a response surface plateau. The experiment design 
can then be augmented and a quadratic analysis performed to model curvature. 
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The advantage of DoE is even more persuasive due to the manner in which very large 
experiments can be reduced by means of a technique called fractionating .. It must be 
understood that fractionating causes certain effects and interactions to become 
confounded, meaning it is no longer possible to clearly ascertain the influence of some 
variables, or combinations of variables, on the response. Since fractionating is quite 
often necessary a number of tables have been developed that ensure that the confounded 
interactions are the high order ones-the ones less likely to be significant. A wide range 
of tables are available ( depending on how many factors and how many levels need to be 
studied and what level of confounding is considered acceptable) and a good source is 
that of Box et al. (1987). 
5.2 Interactions 
As briefly mentioned above, a powerful feature of the DoE technique is its ability to 
identify interactions between variables. By interaction it is meant how one variable 
causes the response to change when a second variable is also changing. 
The effect of interactions is particularly important in seeking out the optimum operating 
I • I • I ' 
point. In terms of a response surface the optimum value may lie at the peak of a ridge, 
but as the top of the ridge is approached it becomes more and more difficult to identify 
the exact location of the peak. Interaction terms are very good indicators of where the 
optimum point is located. 
The approach of Taguchi is commonly criticised in this regard as it can fail to identify 
key interactions and so lead to erroneous conclusions (Box et al. ( 1988); Bauer et al. 
(1996)). The so called Taguchi approach is discussed in greater detail in section 5.11. 
5.3 Structured Approach 
Applying the DoE approach requires the experimentalist to plan carefully and 
thoughtfully. It could be argued that it forces the experimentalist to apply the 80/20 rule, 
"·~ 
in that 80o/o of the effort is spent planning and preparing for the experiment and the 
remaining 20% is spent conducting the experiment. 
The classical approach is open to impulse or knee-jerk adjustment during the 
experiment. In other words results obtained during the course of an experiment can 
influence the experimentalists thoughts on how best to proceed. Data analysis is 
certainly a requirement of all experimentation but it is important for data to be properly 
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analysed in the context of the overall aims of the expenment. Changes to. the 
experimental design based on spontaneous interpretations can lead to a set of data that is 
much larger and more costly than it needs to be, and no more illuminating upon 
analysis. 
The classical approach is not as rigorous and structured as the DoE approach and, 
during in-plant studies where the time and labour used to perform the experiment could 
have been used to tum a profit, an unstructured approach should be considered 
irresponsible. There is, however, little doubt that the structured DoE approach is not the 
method typically applied to investigate production . related issues within the Ford 
Geelong stamping operations. 
The advantages of the structured DoE approach can be observed in the work by 
Ankenman et al. ( 1994) on optimising computer models of a compression moulding 
process. As shown in Figure 5-3 the DoE process effectively guided him through three 
sequential designs before he needed to augment the final design in order to firmly 
establish the optimum operating conditions. 
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Figure 5-3 Development of DoE to examine compression moulding, Ankenman 
et al. (1994) ·. 
5.4 Modelling 
A key advantage of the DoE technique is that it is possible to express the response quite 
accurately as a mathematical function of the input variables. It is possible to construct a 
black box model of the process which essentially means that it is possible to predict 
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process output despite knowing nothing at all about the theoretical mechanisms that 
drive the process. In a sense the knowledge gained from a DoE based experiment has 
the same intrinsic value as the intuitive knowledge developed by the stamping plant 
operator over many years of running the press. Both use a model to predict the outcome 
of altering some of the input variables. 
The caveat is the model is relevant only within the levels used to conduct the 
experiment. It should not be used to extrapolate data and predict outcomes outside the 
experimental range. Furthermore empirical modelling does little towards understanding 
the underlying mechanisms that bring about a certain response. That type of modelling 
is called mechanistic and lies at the other end of the modelling spectrum. 
The DoE process identifies which variables and interactions are truly "influential on the 
process. These are included in the model whilst irrelevant variables are identified and 
excluded. 
In tum the model can be expressed graphically to help visualise how changing the 
variables effects th~ res,ponse. In a two dimensional case this is analogous to the contour 
plots used in cartography to express height above sea level. At some geographic 
location represented by the latitude and longitude co-ordinates, there is a point which 
belongs to a contour expressing the height above sea level. A process related example of 
response contours is shown in Figure 5-4(c). 
Note that Figure 5-4(d) illu~trates a method for expressing three input variables together 
with the response. Expressing the effects of more than three variables requires a good 
deal more conceptual and spatial thinking ability and is likely to confuse rather than 
illuminate. Visualisation is limited to having three variables expressed along each of the 
xyz axes and having the response portrayed as a graduating slice of colours through the 
three dimensional field. 
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Figure 5-4 Geometrical representations of a relationship connecting the mean 
yield of a product (%,). 11, with reaction time s1 , cataly~t concentration (%)., 9 ,. 
' . . and temp'erat.ure (°C), S3, Box et al. (1987). 
5.5 Identifying the Main Effects and Interactions 
The manner in which the important variables are identified is through the use of median 
ranking on normal probability paper. All main effects and interaction values are 
calculated using either the Yates algorithm or the columns of signs and diyisors, (Box et 
al. (1978)). The values are then ranked in order of magnitude and the corresponding 
median rank calculated. The median ranks are then plotted on normal probability paper. 
If a reasonably straight line is constructed then it is concluded that the data all belong to 
the same normal probability distribution. Points that do not fit the line (i.e. outliers) are 
said to not belong to the same distribution, are in fact are the points of primary interest. 
Something about the input conditions that g~erated these outliers had a clear and 
distinct effect on the response. A worked example using data generated in this thesis is 
provided in Appendix A. 
An important aspect of the DoE approach 1s that the more variables and the more 
replicates that are performed, the easier it is to identify outliers. A problem with 
conducting a 23 DoE is that there are only 7 points from which to construct a straight 
line. If say 3 of these points are indeed outliers then that means that a straight line must 
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be formed from the remaining 4 points. This can be a difficult task but there is one point 
that can generally be relied upon to help in the decision making. The 123 interaction can 
usually be considered to be insignificant and it can help construct the line if it is 
assumed that the straight line passes through it. 
An interesting feature of plotting the median rankings is that it can be used to check the 
data quality. If for example two distinct lines are generated it may mean that proper 
randomisation procedures have not been followed. If two parallel lines exist that are 
broken close to the zero value on the abscissa, thus dividing positive from negative 
estimates, it suggests that a specific observation is in error-perhaps a typographical 
error during data entry. These are very useful diagnostic checks that should be 
employed during data analysis. 
5.6 Optimisation 
Where more than one response is being monitored it becomes necessary to compromise 
on the optimum settings. For example, an industrial extrusion process where the product 
must meet transparency and strength criteria must also operate at the lowest possible 
I ~ \ t I ._ I t 
cost. This may be visualised using Figure 5-5 which is an overlay of three contours. The 
unshaded region contains values of extrusion speed and barrel temperature cs 1 ,s2) in 
which the desired product with transparency ri 1 > 5 and tear strength 112 > 6 is obtained. 
The point P shows where the manufacturing costs are minimised (Box et al. ( 1987)). 
The advantages of the overlaid contour approach are: 
• it shows how complex requirements may be met, 
• it allows new conditions to be determined if specifications change, and 
• it indicates in what direction process changes should be made if the characteristics 
of the manufactured products stray outside specification. 
It has already been explained that the two most conspicuous failure modes in sheet 
metal forming are splitting and wrinkling and that these t~o modes typically occur at 
. . 
either end of the operating spectrum. Consequently the optimisation technique described 
above would certainly be applicable, but instead of locating a local minima it is m·ore 
likely that the optimum operating point would be some point equidistant from the two --
failure contours. An overlay of splitting contours and wrinkling contours would then 
define an operating window within which the sheet metal forming process needs to be 
operated. 
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Figure 5-5 Optimisation of 3 response surface contours 
5. 7 Application of DoE within Industry 
DoE has been successfully used to study the plastic extrusion process (Ankenman et al. 
(1994)), the electronics industry (Boning et al. (1994); Su et al. (1994); Green et al. 
,( 1995)), and in the photographic industry (Runke (1996)). It has also been · applied 
within the sheet metal forming industry (Curtis (1987); Murdock (1988); Bauer et al. 
(1993); Bauer et al. (1996); Taube et al. (1996)). In each instance the DoE technique 
has been applied to solve a specific process issue. Perhaps the best example of this 
approach in sheet metal forming has been that of Bauer. 
Using DoE, Bauer et al. (1993) showed that the ·maximum drawing force required to 
draw aluminium alloy was a function of applied lubricant volume and die radius. The 
empirical model he developed is shown in equation ( 5-2 ) where S is the lubricant 
volume and r2 is the die radius. The mathematical model was then expressed as a 
response surface as shown in Figure 5-6. Using this approach he was able to eliminate 
blank holder force as being significar:it to the maximum transmitted drawing force, and 
was then able to establish the optimum settings for lubricant application and die radius. 
Frnax1 = 39 .529-1.501(~ -3)- 0.506(~ -3) 
1.5 1.5 
( 5-2 ) 
61 
/\----------
/ 
/ 
-
-~ J9 
~ )a ~--~~-~---- -
)( ~ ------ ... 
(lJ -- - --
E t .. ·~ --- -· . . 
71 . ... •. 
l 
• 
s g/m • 
Sctmerstot fITerqe s __._ 
Figure 5-6 Response surface of equation ( 5-2 ) , Bauer et al. ( 1993) 
5.8 Experimental Issues within Industry 
Variability is a statistical term that describes the spread of a distribution about some 
mean value. When the parent distribution is unknown (as is usually the case) statistical 
techniques ·are employed to infer ·the ·distribution parameters based on a small number of · 
observations taken from it. The crucial point to realise is that the true nature the parent 
distribution can only be fully realised as the number of observations in the sample is 
increased. 
The purpose of statistical analysis is to try and obtain some understanding of the 
underlying, true distribution. Consequently, it is better to obtain as many experimental 
observations as economically possible. Where an experiment comprises a small set of 
data it is clear that inadequate or misleading conclusions may be drawn. 
A very useful outcome of applying the DoE approach is how it deals with the data after 
it has been determined from analysis that a particular variable has no impact on the 
response. Each experimental run where this variable was altered effectively becomes a 
... .,. 
replicate for those remaining variables that are found to be significant. This increases 
the experimental sample size and so provides a greater degree of confidence in any 
conclusions subsequently drawn. 
The analysis of vanance (ANOV A) is a technique for quantitatively companng 
distributions. This technique allows the mean and variance of two distributions to be 
compared, using an appropriate critical statistic. The result of such analysis is the ability 
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to state whether or not there is sufficient evidence to conclude that the distributions are 
different, or whether they probably belong to the same underlying distribution. This is a 
very important analysis technique because it helps prevent incorrect conclusions from 
being drawn, such as saying a particular variable has an influence on the response when 
in fact it does not. It is extremely important for replicates to be performed in order for 
the ANOV A to be applied. 
A common constraint to obtaining data is the time it talces to perform the experiment. 
There is little point in conducting an exhaustive trial where the cost of conducting the 
experiment, in terms of lost production, scrap generated, cost of labour etc, is 
exorbitantly large compared with the expected gain in understanding or productivity. 
Worse still if at the end of a long study the results are out of date! Clearly a compromise 
exists between the quality of information required in order to draw sensible, reliable 
conclusions and the time and cost involved in obtaining that information. 
Experiments conducted in the automotive sheet metal stamping industry most certainly 
suffer from this dilemma. The automotive business is dynamic in nature such that a 
design may only have a market life of only two years. Any findings based on that design 
\ • \ '- \ t 
may not be relevant in a comparatively short period of time. Furthermore, each design 
has its unique aspects which prevent the experimental findings from being applied 
directly to other designs across the shop floor. 
Another issue is the sheer variety of panels that need to be produced in order to produce 
a family sized car. The scheduling demands to maintain just in time supply_ of parts for 
assembly are staggering. Any disruptions to that schedule are introduced only after very 
careful consideration. Consequently any proposed experiments need to be well planned 
and have watertight justification. The DoE methodology is well suited to this 
philosophy. 
5.9 Specification Limits and the Quality Loss Function 
Before any improvement can be made to a system some knowledge of its variability 
must have been obtained. Perhaps the most common attestation of variability in 
manufacturing systems is the use of tolerance limits in design specifications. Variability 
is known to exist and one way of coping with it is to specify limits within which the 
variability must be contained. This approach is de rigueur within the automotive 
industry and is expressed using the statistical process control indices of Cp and Cpk 
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(process capability and process potential respectively). These indices describe, in tum, 
how large the variability of a process is in regard to the tolerance limits, and how far the 
mean of that variability is from the nominal target*. Broadly, index values greater than 1 
are desirable, while values less than I mean that some work is required to understand 
and improve the process. Values less than 1 essentially mean that some percentage of 
the product is being manufactured outside specification and will need to be either 
reworked or scrapped. 
In stochastic systems it seems unreasonable to specify an absolute value that. bounds 
product quality. It implies that a part produced just inside the limit is significantly 
different from one produced just outside the limit. Similarly, Taguchi argues that 
operating to 'traditional ' specification limits invites the idea that all values within the 
limits are equally desirable (Box et al. (!L:88)). Another way of looking at the traditional 
specification limits is that a part that deviates a great deal from specification incurs the 
same loss as one just outside the limit. In reality this difference is typically expressed in 
terms of scrap and rework. The reject part closest to the limit can often be reworked 
whilst the one a long way from specification must be scrapped. These two levels of loss 
(and cost) are not expressed in the traditional approach to quality control. 
Instead of working within specification limits, yet still adhering to the philosophy of 
continuous improvement advocated by Shewart ( 1931) and Deming (1982), it is better 
to aim the process at achieving a specific quality target (T). Any deviation from this 
target (y-T) represents a loss (L) which Taguchi represents in the simple quadratic 
function of equation ( 5-3 ). 
7 L = k(y-T)- ( 5-3) 
The loss incurred increases rapidly with larger deviations from the target value. 
Minimising the loss is equivalent to minimising the meai: square deviation from the 
target, which constitutes a revolutionary departure from certain tolerance specification 
ideas. The thrust of Taguchi' s quality loss function is the smaller the process 
performance variation the better the quality. Unfortunately, in complex processes the 
• For further information regarding these and associated indices the reader is referred to page 143 of 
"What every engineer should know about quality control", Pyzdek ( 1989) 
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loss function is less useful because of the difficulty of characterising and balancing real 
economic losses (Box et al. (1988)). 
Taguchi expresses quality loss in very broad tertns, to the extent that he draws on the 
needs and expectations of society. The more tangible forms of loss in the manufacturers 
e~ 1es are increased warranty and service costs, transport"tion costs~ the loss 0f market 
share and the cost of increased marketing efforts to overcome uncompetetiveness. 
5. 1 O 2 Step Optimisation 
In tune with Taguchi's quality loss function is a two step optimisation approach to 
improving manufacturing processes. The first ste· · · 1olves reducing the variability of 
~ 
the process output. The second step calls for Jus 1ng the position of the reduced 
variability so that its mean is closer to the nc inal target. This is the intention of 
calculating the Cp and Cpk indices mentioned earlier-they reveal how much work needs 
to be done to make the process 'capable'. By following this approach a more robust 
process can be established, where robustness is defined as a process or product whose 
performance is minimally sensitive to factors that cause variability. The difficult aspect 
' . 
of this approach is deciding how to measure the variability. 
Taguchi moves to a more robust operating position by increasing the process sign.al-to-
noise ratio (SIN). He proposes three distinct measures of the SIN ratio for the three 
different application types: 
• lower is best 
• higher is best 
• nominal is best 
Equation ( 5-4 ) is appropriat<? for a system where a targeted nominal value is the best 
outcome. The mean and standard deviation of the process are represented as x and s in 
the equation. 
SIN= 1010{ :: J ( 5-4) 
Another key feature of the Taguchi approach is to express the system in terms of 
energy. His philosophy is that engineering systems are designed to transform energy 
into useful outcomes. Consequently the SIN ratio is expressed as shown in 
equations ( 5-5 ) and ( 5-6 ). 
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Energy ( or power) that is transformed into intended output S/N==-----------------------
Energy ( or power) that is transformed into unintended output 
SIN == Useful output energy 
Harmful output energy 
5. 11 The Taguchi Approach to Experimentation 
( 5-5) 
( 5-6) 
Apart from design of experiment the Taguchi method is the other well known approach · 
for experimental design. It utilises fractionated designs and consequently is subject to 
issues of confounding*. 
There is some mystique surrounding the experimental arrays proposed by Taguchi, but 
Box et al. ( 1988) has shown that many of the more popular ones are based on 
fractionated DoE structures. For example the L12 orthogonal array is originally due to 
Plackett and Burman, and the Li7 to Fisher. The~ is a standard Graeco-latin square and 
the L18 and L36 orthogonal arrays are originally due to Burman and Seiden respectively. 
The essential difference between the Taguchi and DoE technique is in the manner in 
which the data is analysed. Taguchi establishes a signal/noise ratio baseline. which is 
then increased to show improved robustness in design. It has been observed that 
Taguchi and DoE principles have been used together in the same studies (Curtis (1987); 
Murdock (1988); Bauer et al. (1994)). 
It is apparent that the Taguchi method is an appropriate technique to use during the 
design phase of manufacture when a larger number of variables exist, and where the 
argument for using fractionated designs is very strong. In fact it should really be said . 
that Taguchi' s approach is aimed at improving quality very early on in the product 
development cycle, i.e. back in the design phase. It is less relevant during the 
manufacturing stage when many of the design variables have been fixed. 
• In fact work by Bauer et al. (1996) using Taguchi's L18 array failed to identify all but one two factor 
interaction. This is a problem also highlighted by Box et al. (1988) who makes a further point that 
identifying two factor interactions is more important than performing experiments at three levels, which 
is a feature of the Taguchi approach. Box points out that investigation at three levels is required only 
when a maximum or minimum in the response surface is being approached. 
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The key features of Taguchi' s approach to experimentation are outlined below. 
Social Philosophy 
Quality includes the idea that society as a whole suffers from poor quality. The more 
desirable product is that which minimises the harm done to society. 
Experimental Design 
Off-line experimentation is critical to achieving quality improvement. 
Minimisation of Variability 
The main criterion is the achievement of target with rrun1mum variability. This is 
considered a better way of yielding the highest proportion of products within the desired 
specification than strict adherence to sometimes artificial tolerance bands. 
Classification of Factors 
Factors are divided into those over which the designer has some control (design or 
\ .. l .. \ .. 
control factors) and those over which he has none (noise factors ). Of the former there 
will hopefully be some that can be used to decrease variability, and others that can be 
used to correct the output onto the target. In other words, two step optimisation: 
minimise the variability in the response and then achieve the target for the response. 
Inner versus Outer Noise 
Outer noise is that caused downstream from design i.e. caused by manufacture and use. 
Taguchi distinguishes this from material wear, tolerances on bought-in components etc . 
which he deems to be inner noise. 
Without doubt the approach of Taguchi has had a profound effect in the automotive 
industry, however some statisticians have showp his techniques to be less rigorous than 
would be preferred (Box et al. ( 1988); Goh et al. ( 1998)). This has lead to a significant 
camp that admonishes strongly against applying Taguchi ' s techniques .' On the other 
hand Taguchi castigates Western textbooks on experimental design as being too passive 
and academic. He demands a more active and creative approach. His point is reinforced 
by the almost complete lack of application of experimental design to engineering design 
in the West until the end of the 80 ' s (Logothetis et al. (1 994 )). His critics have 
67 
recognised this unsatisfactory stance taken by the Western world and have 1n fact 
congratulated Taguchi on getting more people to run experiments. 
Clearly there is merit in Taguchi's philosophy, and his recommendation to consider a 
system in terms of energy. At the same time there are doubts regarding the statistical 
rigour and the method of selecting the appropriate orthogonal array. This is particularly 
risky when non-statisticians are applying statistical tools in a mechanical fashion. 
68 
Chapter 6 Dash Panel Experiment 
6. 1 Introduction 
A number of commercial (PAM-STAMP, OPTRIS) and in-house (Tang et al. (1988); 
Demeri et al. (1992)) constitutive modelling tools exist that address the manner in 
";-.. r~uch sheet metal deforms. These software packages ~::~ used as predictive aids in die 
. 
design to identify if a particular panel style can be manufactured in practice. The clear 
aim is to design dies that subseqently require little or no resurfacing at the production 
plant. Unfortunately these software packages use simple friction models and generic 
· material properties in their calculations, which means their output is not quantitatively 
reliable (Fekete (1997)). Furthermore, they do not take into consideration the influence · 
that a unique press/die/blank system has on the forming process. Consequently a period 
of try-out is inevitably required at the stamping plant to get the tool to a point where a 
part can be made. A common aim of all stamping plants is to minimise the time from 
panel design to robust manufacture, i.e. to eliminate try-out. With such an improvement 
comes a competitive advantage and the ability to lead the automotive market. 
It has been observed that there is a widespread lack of real understanding on the factory 
floor of how the press/die/blank system operates and interacts. This extends from the 
operator to the plant manager. There is a strong dependence on experienced personnel to 
get a part running as quickly as possible, however, with the advent of new steel grades, 
alternative materials, tailor-welded blanks, new dies etc. the knowledge of the 
experienced operator is being increasingly tested. The intuition he has developed over 
many years is not likely to be as reliable in these new fields. Consequently there is a 
genuine need to provide tools on the shop floor that assist in getting a part running as 
quickly as possible. 
An industry accepted solution to this problem is the adoption of the Process Control 
Plan (PCP) approach which specifically documents the press settings for each part at 
every stage of manufacture. There are a number of problems with the PCP approach, 
many of which are of a cultural nature more than technical in that they relate to issues 
of ownership and trust. The trust issue stems from the PCP settings not being formally 
optim.ised. It is common to see modifications pencilled in on the PCP document 
showing a new and 'better' operating point. It is sometimes difficult to determ.ine who 
and how such changes were made. There is no doubt that the underlying reason why a 
change was made was that there had been some recent difficulty in making parts. The 
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irony is that while a PCP document is probably the net result of a long series of system 
changes over time, no record of this history is maintained. The potential to return to a 
set of press variables that had been previously updated is therefore quite real. 
The PCP approach is a classic example of attempting to optimise a process without 
having regard for which direction in which to move. Applying the DoE approach the 
very first time a part is run in production would eliminate the need to continuously 
update PCP documents. 
A common reaction by operators to stamping difficulties has been to accuse the steel 
supplier of providing steel of varying quality. Anecdotal evidence has it that the time 
required to check samples of the offending steel for compliance to specification is 
greater than that to massage the press/die system to produce a quality part. Blumel et al. 
( 1988) · showed that large variation in panel quality occurs even with uniform steel 
quality. Similarly, Kinsey et al. (1997) found that changing material had less effect on 
panel geometry than changing press settings. These examples indicate there is a clear 
need to gain a better understanding of the variation the press/die/blank system 
generates. 
This Chapter aims to define the operating limits for an automotive panel in a production 
environment. The limits are to be expressed as an operating window that incorporates 
press control variables. Furthermore, the operating window is to be displayed visually to 
be of benefit to the operator. It needs to be illuminating and easily digested. The 
operator needs to be able to interact with the operating window so that he may key in 
his own proposed combination of press settings and see for himself what type of 
outcome is predicted. 
Another key outcome of this Chapter is to develop a methodology that can be used 
across the plant to generate operating windows for every single part produced. The 
methodology is required to ensure that the operating windflws are identified efficiently 
and with little disruption to the production schedule. In fact the best outcome would be 
for the methodology to be incorporated into the try-out and line flow+ phases of 
manufacture. 
+ line flow is the term used to describe the manufacture of parts at full production rate 
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6.2 Experimental Method 
The panel chosen to test the methodology postulated in this thesis was the Dash panel of 
the EL model Ford Falcon. The completed panel is shown in Figure 6-1. The part had a 
history of failing by both splitting and wrinkling, and production personnel had a 
reasonable knowledge of which press settings would be unstable. The Dash panel 
satisfied a Dumber of other criteria necessary to make it relevant and worthy of study. 
These included: 
• the part ran at significant volumes and frequency 
• the press settings could be altered mid-production to facilitate the experiment, yet 
still permit the original buy-oft condition to be recovered 
• the part was current and not about to be replaced by a new design, and 
• the panel failed in different modes when subjected to a variety of press settings 
Two regions of the panel were investigated as shown in Figure 6-1. Region A is a 
pocket which was subject to splitting, whilst region B contained 8 ribs and was subject 
to wrinkli_ng. 
Figure 6-1 Dash panel ready for sub-assembly , showing regions of experimental 
interest 
6.2.1 Press 
A double action mechanical draw press was used for the experiment. This press had a 
1250 ton punch capacity and a 700 ton blank holder capacity. Testing commenced half 
way through a normal production run of Dash panels so that variables such as die 
* buy-off is the procedure whereby the quality level of the panel is validated 
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temperature and press hydraulics had stabilised and reached normal operating 
conditions. 
6.2.2 Sensors 
An array of strain gauges were mounted in-line with each of the four blank holder 
plungers. The~e had been installed and calibrated by maintenance per~onnel as pai-t of a 
study into the use of tonnage signatures for condition monitoring of the press. The 
hardware and software was purchased from Signature Technologies and calibration of 
the sensors was supervised by a representative of that company. 
A similar arrangement of sensors was installed on the punch but these had not been 
calibrated and were not used in this study. 
6.2.3 Tooling 
Die number 2842 was used to conduct this experiment. This tooling was used to 
produce the 96DAFO 1605 sedan Dash panel in draw press 17-1. It was not modified in 
any way from normal production set up. 
6.2.4 Blanks 
The Dash panel was produced from cold rolled aluminium killed deep draw quality steel 
supplied by BHP. The material property ranges are shown in Table 6-1. 
Table 6-1 Steel properties 
Property Value 
Yield Strength (MPa) 120 - 190 
Tensile Strength (MPa) 270 - 300 
R value 1.72 - 2.20 
n value 0.24 - 0.27 
Thickness (mm) 0.81 
A 5mm diameter circle grid pattern was electrolytically etched onto the blanks to 
measure the major and minor strain state about the pocket marked A in Figure 6-1. The-
rear left comer of the circle grid pattern was located 480mm from the left and 410mm 
from the rear of the blank. 
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6.2.5 Press Inputs 
Siekirk ( 1986) identified three factors that formed the criteria for choosing variables to 
be used for stamping process control. First, the variable should be easy to measure. 
Second, it should have significant interactions with many of the other key variables and 
third, it should be easy to adjust. He identified blank hold down force to be the best 
control variable and it could be adjusted by means of the shut height and corner pressure 
settings. Both of these factors have been included in this study along with draw speed. 
These three variables are, essentially, the only ones directly accessible to the press setter 
operator in the industrial environment. 
T~e PCP settings used to set the press and run the Dash panel are shown in Table 6-1. 
The same loading, crowding* and unloading automation was used as per normal 
production. This included the lubricant application station. 
Table 6-1 PCP settings for Dash panel 
Variable Setting 
Draw Speed (spm) 7 
Corner Pressure (kPa) 275.79 
Binder Shut Height (mm) 1 523 
Punch Shut Height (mm) 1 885 
Inner Counter Balance Light 
Outer Counter Balance Medium 
Run Speed (spm) 17.96 
Draw On (0 ) 100 
Draw Off (0 ) 190 
The shut height was adjusted by means of a dedicated displacement transducer installed 
and calibrated by maintenance personnel as p.iirt of a program to automate the PCP 
process. The transducer measured the distance from the top of the lower bolster to the 
bottom of the blank holder when the outer slide was positioned at bottom dead centre. 
Consequently higher values indicate that the blank holder sits higher above the die, with 
the effect of not gripping the blank as firrnl y. 
• crowders are used to f1ex the blank so that its curvature follows that of the die 
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The comer pressure was adjusted by a pneumatic pressure regulator. Each comer was 
set to the same value, Comer pressure and shut height were only altered on the blank 
holder. 
The punch speed was infinitely variable between 4 and 17 strokes per minute through 
the use of an electromagnetic clutch. 
6.2.6 Experimental Design 
A total of 64 blanks were used to complete the 23 design of experiment (DoE) shown in 
Table 6-1. This incorporated 8 replicates at each design point. Replicate numbers were 
limited such that sufficient data was obtained for statistical analysis yet production 
schedules were not excessively disrupted. 
Table 6-1 The 23 design of experiment; (a) table of signs, (b) coded variables 
Punch Speed 
X1 
+ 
+ 
+ 
+ 
Variables \ Level 
Punch Speed, x1 
Corner Pressure, x2 
Shut Height, x3 
Corner Pressure Shut Height ID 
X2 X3 
8 
3 
+ 2 
+ 7 
+ 4 
+ 1 
+ + 6 
+ + 5 
(a) 
+ Relationship 
4 1 1 X1 = (x-7 .5)/3 .5 
207,207 460,460 Ir, lf 
207,207 460,460 rr, rf 
-~ 
.,. 
1522.37 1523.54 X3 = (x-1522.96)/Q.585 
(b) 
Other work of this type had shown the first 3 panels produced after changing to a 
different DoE design point had excessive variation in the metric being studied (Brazier 
et al. ( 1985) ). In an attempt to circumvent this problem the press was cycled a number 
of times at each new design point prior to running any gridded panels. It was also 
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known that any changes to cushion pressure settings required approximately 5 minutes 
in order to stabilise. 
6.3 Results 
The responses determined after forming the panel were: 
• 
. ~ . . 
maJor ~-:~ rmnor strain 
• severity 
• degree of buckling 
• peak blank holder tonnage 
A transparent flexible rule was used to measure the minor and major strain across the 
pocket (Figure 6-2). The centre of each ellipse was measured with reference to panel 
form, thereby providing strain versus position data. Position zero was defined to be the 
highest point of the pocket. Ellipses to the left of the highest point were defined to have 
a negative value, those to the right were assigned a positive value. 
Figure 6-2 Def orrned circle grid over Dash Panel pocket 
The circle grid measurements taken over the pocket always showed a degree of negative 
minor strain (see Table 6-2), confirming draw as the deformation mode. 
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The major and minor strains were converted to a thickness strain using the constancy of 
volume law, equation ( 2-6 ). As the pocket was not subjected to biaxial stretch it was 
acceptable to calculate severity in terms of the critical thickness strain, equation ( 2-13 ). 
The calculated severity value for each measured ellipse for run 1 is shown in Table 6-2. 
It caT1 be seen in Table 6-1 that 5 measurements were take~ from each replicate. This 
was not necessarily the case for other replicates at other design points. Sometimes only 
4 ellipses were measured, at other times there were 6. This was due to the circle grid 
pattern not being positioned in exactly the same location with respect to the pocket each 
time the blank was formed. In tum, this was caused by the automatic feeder not being 
capable of loading the blanks into the press to within millimetres of the same point each 
time. 
The severity data obtained from each replicate within a run was combined in order to 
overcome this positioning problem. A quadratic curve expressing severity versus 
position was then fitted to the combined data and the maximum predicted severity value 
was used in subsequent data analysis. The curves generated for each of the runs are 
shown in Figure 6-3 and Figure 6-4. · These curves quite clearly show how the strain 
severity about the pocket changes with different press set-up. 
Table 6-2 Circle grid results for each replicate of DoE design point ID= 1 
Rep. Position Major Minor Severity Rep. Position Major Minor Severity 
No. (mm) strain strain (o/o) No. (mm) strain strain (O/o) 
(o/o) (%) (%) (O/o) 
1 -11 14 -1 4 -7 5 - 15 16 -14 -1 
-3 22 -1 0 33 -8 23 -13 25 
5 29 -1 0 52 0 28 -9 53 
13 22 -11 30 8 29 -13 41 
20 15 - 13 0 16 19 -14 9 
2 -15 18 -14 5 6 -15 15 -14 -4 
-8 21 -13 19 -8 22 -12 26 
0 27 -11 43 0 27 -9 50 
8 31 -11 53 8 30 -12 47 
16 18 -15 1 16 18 -13 10 
3 -13 13 -14 -11 7 -10 19 -14 9 
-6 23 -12 29 -2 28 -13 38 
2 29 -12 45 6 31 -13 46 
10 21 - 13 19 14 21 -15 10 
18 16 -14 -1 22 20 -15 7 
4 -1 0 18 -11 18 8 -12 15 -13 0 
-2 25 -10 42 -3 21 -11 27 
7 31 -11 53 4 31 -12 50 
15 24 -12 31 12 23 -9 40 
22 18 -12 14 20 17 -12 11 
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A 95% confidence interval was calculated for each fitted curve, shown as the dashed 
lines above and below the fitted curve in the above figures. An advantage of the 95% 
confidence interval is that it shows if one particular design point is inherently more 
stable than another. In other words, if the confidence interval is smaller at a particular 
design point i~ indicates that point to have less variability. 
Each panel was also assigned a subjective 'buckling index'-an integer value between 1 
and 7. This represented the amount of wrinkling observed in the ribbed region. Values 
of 5 or greater were considered unacceptable from a quality perspective. 
Table 6-3 lists the results of maximum predicted severity and the associated confidence 
(which is quite poor) along with the buckling index and the blank holder force at the 
rear right (RR) comer. 
Table 6-3 Results 
DoE Severity Confidence Buckling RR , 
ID (%) (o/o) Index (tons) 
8 80.3 24.7 1.4 277 
3 54.7 15.9 3.3 280 
2 76.9 25. 1 1.5 286 
7 73.8 26.5 3.1 288 
4 69.1 21.8 3 .8 168 
1 50.0 17.5 6 .4 172 
6 70.7 21.0 5.0 177 
5 59.6 19.4 6.3 177 
Analysis of the results using the Yates technique ( described in Appendix A) resulted in 
the main effects and interaction values as shown in Table 6-4. The alias column refers to 
the identity of the main effect or interaction. Punch speed is designated 1, comer 
pressure 2 and shut height 3. I represents the overall average for the 23 design. The 
significant values, as identified by the cumulative probability plot (Figure 6-5 for right 
rear blank holder tonnage, Figure 6-6 for buckling index, Figure 6-7 for severity and 
Figure 6-8 for confidence), are shown in bold font. These values were used to construct 
the empirical equations of each of the metrics as shown in equations ( 6-1 ) through ( 6-
4 ). 
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Table 6-4 Main effects and interactions 
Alias RR Buckling Severity Confidence 
tons Index 
I 228 3.8 66.9 21.5 
1 2 1.8 -14.7 -3.3 
2 7 0.3 6.7 3.0 
3 -1C9 3.0 -9.1 -'Me 
12 -1 -0.4 7.6 3.2 
13 0 0.1 -0.4 0.4 
23 -1 0.3 -1.1 -2.5 
123 -1 -0.3 -3.6 -1.9 
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Figure 6-5 Cumulative probability plot of right rear (RR) blank holder tonnage 
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Figure 6-6 Cumulative probability plot for buckling index 
The following two cumulative probability plots are not as reliable as the preceding two 
because of the very poor signal/noise ratio of the severity metric. Severity was 
calculated from the major and minor strain measurements, which were subject to 
considerable errors due to the difficulty of accurate I y measuring the axes of the 
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deformed circle grid. As shown in Figure 6-3 the 95% confidence limits for the severity 
predictions are all extremely large. 
The accurate measurement of major and, particularly, minor strain using a transparent 
flexible rule is extremely difficult. A small error in minor strain measurement from -9% 
say to -5 % (when the major strain is measured to be 27% ), correlates to a change in 
severity from 50% to 64%. This has a profound effect on the regression analysis used to 
predict maximum severity. Consequently the Yates analysis, whilst remaining a valid 
approach, is not, in this example, going to yield reliable conclusions with regard to 
s~yerity. If a more accurate measurement technique had been employed the results 
would have been more meaningful. It is important that the methodology not be 
denigrated because of poor measurement capability. The analysis is continued for the 
purpose of illustrating the approach. 
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Figure 6-8 Cumulative probability plot for Severity Confidence 
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Severity (o/a) = 66.89 - 7.34x1 + 3.37x2 - 4.55x3 + 3.81x1.X2 ( 6-1 ) 
Confidence(%)= 21.5 - l.7x1 - l.6x3 + l.6lx1.x2 ( 6-2 ) 
Buckle Index= 3.8 + 0.9xi + l .Sx3 ( 6-3J 
Maximum RR Binder Load (tons)= 228 - 55 x3 ( 6-4) 
Perhaps the best solution to minimising errors when measuring circle grids is to use an 
automated system. Such systems are quoted as having accuracy of better than 2 % . 
Ultrasonic thickness gauges may be useful where the curvature is generous and where 
the deformation mode is draw or plane strain. Another approach is that of nodal strain 
analysis where the distortion of square grids is measured using a coordinate measuring 
machine (Duncan et al. (1990)). Clearly a more accurate method of assessing strain is 
required if this particular approach is to advance. 
Alternatively, this approach need not be restricted to strain analysis. The blank holder 
tonnage data is a clear example of how analy-sis is restricted only by the choice of 
metric. Stamping plants employ jigs to restrain panels in a predictable and repeatable 
manner prior to using coordinate measuring machines (CMM) to ascertain the position 
of key features. While this is a slow and expensive measurement technique it too would 
provide valuable knowledge regarding the stamping system. 
The functional build approach to stamping outlined by Hammet et al. ( 1998) offers 
further avenues for the application of the design of experiment approach to identifying 
the limits of the stamping system. 
6.4 Discussion ·~ 
-~ . 
Equation ( 6-1 ) shows that severity is predominantly influenced by x 1 (punch speed), 
then by x3 (shut height) and x2 ( corner pressure). It also indicates that an interacflon 
exists between punch speed and corner pressure. The relationship shows that severity is 
increased when punch speed is decreased, when corner pressure is increased and when 
shut height is decreased. 
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Figure 6-9 is a graphical interpretation of equation ( 6-1 ). It allows the effect of all 
three variables to be examined simultaneously with regard to severity. Severity is 
represented by a colour spectrum where blue corresponds to low values of severity 
(around 50o/o) and red corresponds to high values of severity (around 75 % ). Slices taken 
through the response volume described by equation ( 6-1 ) show how severity changes, 
while one variable is held fixed. For example a slice taken when the comer pressure is 
held fixed at 31 OkPa shows that severity is highest when draw speed approaches 4 spm 
and the shut height approaches 1522.37 mm. It is lowest (heading towards blue) when 
both the shut height and draw speed are increased. It is apparent from the graph that as 
the corner pressure is reduced the colour tends towards lower values of severity. The 
graph therefore indicates that the lowest values of severity are achieved when the shut 
height and draw speed are high and the comer pressure is low. 
Exploration of the response volume can be conducted by taking slices at different fixed 
values. Using a data display package it is possible to assemble a series of slices and 
view them sequentially, so as to walk through the response volume as if viewing a 
movie. 
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A contour plot is all that is required to express the system where only two variables are 
found to be significant. This is the case for the buckling index where Figure 6-10 is the 
graphical representation of empirical equation ( 6-3 ). In this case the shut height and 
draw speed influence the degree of buckling in a linear fashion. No interactions exist. 
The buckling index response surf ace shows that the degree of buckling increases as 
punch speed and shut height increase. It also shows that shut height has the larger effect. 
Increasing shut height corresponds to increasing the gap between the blank holder and 
the die which has the effect of gripping the blank with less force. A lower blank holder 
force increases the likelihood of wrinkling. The equation therefore supports what is 
universally known, but has put a quantitative value to it for this particular part. 
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Figure 6-10 Buckle in dex response surface contour plot 
Despite the poor signal to noise rati o for sever1cy in this example, the DoE methodology 
has shown itself to be very powerfu1 . Performing a structured series of tests has 
highlighted which press variables influence the ·· ystem, and by how much. The strongest 
advantage of using the DoE methodology has been the identification of variable 
interaction. For instance equation ( 6-1 ) identifies an interaction between punch speed 
~ 
and corner pressure which would probably never be recognised by the press operator. 
Even if the press operator did recognise such an interaction it would have taken h.im 
many years to appreciate it and even more years to master. This is not to say that the ·· 
press operator has no role to play in optimising the system, on the contrary the 
know ledge of the press operator should be utilised in structuring the DoE. 
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A problem encountered during preliminary work showed how critical it was to test 
variables over an appropriate working range. Quite different results can be obtained 
from a too narrow or too wide experimental range. Consequently variables may mask 
others, or be masked themselves. It is because of these problems that the knowledge and 
e~perience of the press operator should be sought. 
It is important to appreciate that the empirical models generated and the response 
surfaces subsequently generated, are valid only within the tested range. It is a mistake to 
extrapolate the results to press settings outside those tested, or to other parts and other 
presses. Nonetheless the DoE methodology does provide the opportunity to conduct 
further experiments and use these to build and improve the response surface. In fact the 
DoE approach would have a profound effect on the current level of tooling design and 
system knowledge if it was used in conjunction with finite element modeling. 
It should not be overlooked that the buckling occurred in the middle of the panel-not 
at the flange! It is very interesting to see the effect tha~ shut height has on a central 
region of the part, quite removed from the flange. Again this is the sort of relationship 
\ t \ ... \ t \ 
that would not necessarily appear obvious to the press operator. 
The quantitative measure of the effect of punch speed is also shown in equation ( 6-1 ). 
Slowing the punch speed down has the effect of reducing buckling. Whilst plant 
personnel had qualitatively expressed such a phenomenon it was not something that was 
readily understood. Certainly there was no quantitative appreciation of ho.w significant 
the draw speed was on the process. 
Examination of equations ( 6-1 ) and ( 6-3 ) shows that severity is reduced by 7.3% 
when the punch speed (x1) is lowered by 3.5spm (1 unit of x1). At the same time 
buckling increases by 0.9 points . This comparison highlights another key advantage of 
applying the DoE methodology. 
It becomes possible to examine how a particular combination of press settings will 
affect a range of quality metrics. For instance, using Figure 6-10, the panel produced 
when the press was set to a shut height of 59 .975mm and a draw speed of lOspm would 
have an unacceptably high level of buckling. Conversely the same press settings would 
produce a panel with a severity of a little under 66o/o , which is quite attractive. This idea 
can be extended to establish boundary limits on operating conditions. For instance it 
was mentioned that a buckling index of 5 or higher was unacceptable. Examination of 
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the buckling contour plot indicates which setting combinations produce these levels of 
buckling, and so indicates where not to operate the press. 
By overlaying metrics with quality limits assigned to them it is possible to build a 
picture of the operating window. If the severity and buckle index responses are 
overlayed, with the cushion pressure fixed at 460 kPa (for illustration purposes) and the 
acceptable severity limit set to 74%, then a figure such as that of Figure 6-11 can be 
produced. The hatched regions indicate where the press should not be operated. The 
figure also shows how large the safe operating zone is, and how close a particular 
setting is to the limits. These two factors are extremely useful pieces of information that 
are currently missing on the shop floor. 
-E 
E 
-
... 
..c 
oi 1522.96 
Cl) 
:c 
... 
:J 
..c 
(/) 
11 
Draw Speed (spm) · 
Figure 6-11 Overlay of buckle index contour (solid lines) and severity contour 
(dotted line) when cushion pressure is fixed at 460 kPa 
6.5 Conclusions 
The DoE methodology was successfully applied to the production of the Dash panel on 
a double action draw press. Systematically producing paoels over a series of design 
points that encompass the possible operating range of the press has allowed empirical 
response surfaces to be generated for a number of metrics: severity, degree of buckling 
and blank holder tonnage. Other metrics such as flange length or CMM output could 
equally have been used. 
The response surf aces were based on the empirical relationships obtained from 
analysing the results using the Yates analysis and the cumulative probability plot. This 
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approach identified which of the variables investigated had a significant effect on the 
metrics and which did not. It also identified which variables interacted with each 
other-system information that may only be known intuitively by very experienced 
operators. 
A two dimensional contour plot was used to express the buckling response surfaces as it 
rf "' JI .. 
was influenced by only two variables. The severity response surface was affected by 
three variables and by expressing severity as a colour range it was possible to present all 
three variables together on a single chart. Some visualisation is lost as the colour scale 
can only be applied to a slice through the three dimensional volume that represents the 
empirical relationship. This problem can be overcome by stepping through a series of 
slices on a personal computer, much like watching a movie. 
By overlaying the response surfaces it was possible to identify the limits of the press 
system in terms of panel quality measures (severity and buckling). It was easy to 
visualise on a contour plot how close any particular combination of press settings was to 
these limits. This is extremely useful information _that was previously unavailable on the 
shop floor. Economic considerations, such as production rates (strokes per minute), can 
also be incorporated to further identify the safe operating window. With advanced 
graphic functionality it should be possible to overlay slices through the intersecting 
volumes when more than two variables are involved. 
The accuracy of the measurement system is critical to the practical success of this 
methodology. This was highlighted by the large variability in circle grid measurement, 
which effectively prevented the findings of this Chapter from being utilised in a 
practical sense on the shop floor. 
.,. . 
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Chapter 7 Rectangular Cup 
7. 1 Introduction 
A major problem identified 1n Chapter 6 was the extremely slow rate of obtaining 
quantitative data regarding panel quality. This was due to the following factors: 
• blank preparation time, i.e. circle grid etching 
• panel removal to the measuring location 
• physical panel measurement 
Each of these time consuming steps disrupts the normally smooth material handling 
processes and adds to the overall cost of producing the part. Consequently there is a lack 
of desire by plant personnel to embrace such an approach, and it is typcially used as a 
last resort. 
It is physically cumbersome to measure quality on a large panel, such as the dash panel. 
A 10kg sheet of steel measuring almost 2m in length and more than 1 m wide needs to 
be handled with caution, to prevent damage to the panel or injury to the person taking 
the measurements. 
The combined effect of these factors is an extremely slow measurement system which is 
completely at odds with the required production rate. A panel that would ordinarily·take 
7 seconds to pass through one press cycle would easily require 10 minutes to etch, 
transport, measure and return. In that time another 85 panels could have been formed! 
Quite clearly this process cannot be used in-line to assess panel quality as production 
occurs. 
In terms of control method families (Table 4.1) the stamping process falls somewhere 
between the realms of sampling and empirical modeling; the feedback rate exceeds the 
rate of manufacture by 2 to 3 orders of magnitude. It is cel!ainly desirable and possible 
" 
to increase the feedback rate by using in-situ sensors to monitor the deformation 
process. This could bring the process into the realm of iterative control where the 
feedback rate is equivalent to the rate of manufacture. The key to such an approach is tcf 
ensure that the sensed value is an accurate reflection of the physical panel quality. 
The aim of this Chapter is to assess whether or not sensors mounted within the press can 
be used to predict panel quality. If they can then it permits two things to be achieved: 
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• a faster technique for constructing a panel quality response surface 
• a reliable instrument to continuously monitor panel quality at production rates 
This will be achieved by performing a number of experiments on a small press that has 
had a number of sensing devices attached to it. By producing rectangular cups of 
25x50rnm dimensions under a variety of press conditions it is anticipated that a 
correlation will be found that relates sensor outputs to panel quality. If such a 
correlation exists then it will be possible to infer panel quality immediately from the 
digital outputs. The details of the experimental procedure are given in the next section. 
7.2 Experimental Method 
7.2.1 Press 
The investigation was performed on a 7 5 ton, single action, C frame mechanical press 
with a 152mm throw. A photograph of the press is shown in Figure 7-1. 
Prior to commencing the investigation the press was checked to ensure that it complied 
with the press manufacturer's specifications for parallelism and level. 
\ . \ " 
Figure 7 -1 75 ton single action, mechanical press 
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7.2.2 Sensors 
The sensors used during the investigation included; 
• a magnetostrictive linear displacement transducer (L VDT) to monitor ram position 
and trigger the data logging system 
• a pressure transducer to monitor cushion pressure 
• two Toledo T400 load sensors mounted on the left and r~ght sides of the press frame 
to monitor che applied load 
• strain gauges mounted on the punch to monitor deformation load 
Details regarding calibration of each of these instruments can befound in Appendix B. 
Experimental data was collected using Lab View software through a 4 channel data 
acquisition PCMCIA card running on a laptop computer. Each channel was logged at a 
rate of 300 Hz. Amplification of the punch load was performed using a Vishay 2310 
signal conditioning unit with a gain of 1000 when using 5V excitation. The press frame 
load sensors were conditioned by a Toledo Quik-Leam tonnage monitor. No other 
signal conditioning was performed. 
It ·wa~ noted in the literatur~ review that the greatest amount of process information was 
provided by sensors mounted close to the deformation. Consequently the punch was 
machined to a suitable cross sectional area, and a full bridge of precision strain gauges 
were bonded onto its surf ace. The completed tool is shown in Figure 7-2. The details of 
the strain gauge arrangement can be found in Appendix B, along with the calibration 
details. 
The most reliable and useful results were obtained using the punch load output. An 
anticipated punch force of 30.2 kN was calculated from equation ( 7-1 ). The punch 
cross sectional area, such that 500 micro strain would be generated, was then calculated. 
500 micro strain was necessary to provide a reasonable signal to noise ratio from the 
punch load. 
Force (N) = Cup Perimeter (mm) x Blank Thickness (mm) x Steel UTS (N/mm2) ( 7-1 r 
Sensitivity studies revealed that both the pressure transducer and the Toledo sensors __ 
were not suited to study the effects of changes in the variables on panel quality. Figure 
7-3 quite clearly shows that back pressure was unable to detect the presence of a blank 
• Eary et al. (1974) 
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in the system. The Toledo sensors were discovered to be inadequate when the lubricant 
was changed from mineral oil to polyethylene sheet. · This system change was easily 
detected by the punch load, whereas the Toledo sensors were unable to. 
Figure 7 -2 Instrumented rectangular punch 
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7 .2.3 Tooling , 
1 
I ' 
The tooling consisted of an inverted rectangular punch of similar :construction to that 
shown in Figure 7-4. The punch measured 24.62 x 47.80 mm and_ the mat~ng die had 
dimensions df 27 .30 x 50;35 mm. The shoulder radii were 6 mm. The steel tooling was 
' . 
polished prior to the experiments. 
Figure 7-4 
' i 
Inverted cup draw die 
It is important to note that there is no separate blankholder construction in this tooling 
configuration. The blankholder force is applied as the die steel makes contact with the 
cushion pad in its descent towards bottom dead centre. 
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7 .2.4 Blanks 
Two cold rolled low carbon steels of equivalent thickness were used for the 
investigation. These steels were identified as CA5SN-E (CA5) and G3NS (G3N) and 
are considered as high and medium draw quality steels respectively. Table 7-1 shows 
the relevant material properties. Thickness data is as measured. 
G3N is a Zincanneal® product, i.e. it is hot dipped to give a protective layer of zinc and 
then annealed to develop a protective zinc/iron alloy coating. CA5 is an uncoated steel. 
Both grades are used extensively within the Ford Geelong stamping operations. 
Table 7 -1 Material properties and critic al forming characteristics 
Property CAS G3N 
Thickness· (mm) 0.747±0.0016 0.749±0.0016 
cry (MPa) 120-190 130-170 
UTS (MPa) 270-300 280-320 
UE(%) 24-26 22-26 
R value 1.72-2.20 1.35-1.83 
n value 0.22 · 0.21 
FLDo+ 0.355 0.339 
tc (mm) 0.551 0.560 
e3 with -e2 -0.262 -0.253 
Some blanks were electrolytically etched with 2.5 mm diameter circles to ensure that 
subsequent thickness measurements were taken in regions of negative minQr strain. 
Two blank dimensions were used for the experiment: 
• 80 x 65 + 0.2mm, and 
• 80 X 55 + 0.2mm. 
The blanks were cut to size using a guillotine and were oriented with the long side 
parallel to the rolling direction of the steel strip."' 
Two lubricants were used during the experiment. A mineral oil manuf ach!red by Quaker 
called FerroCote 61 which was applied by wiping a thin layer onto both sides of the 
blank with a lightly oiled rag. The tooling surfaces were wiped clean every 10 cycles 
®Zincanneal is a registered tr'ademark of BHP Steel 
• as measured using a micrometer on the blanks prior to forming. 2 standard errors shown 
+ calculated using the thickness and n value reported in the table 
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with a clean dry rag. The second lubricant used was polyethylene sheet in the fonn of 
Glad Wrap. A single sheet was placed on top of the blank leaving the lower face, which 
comes into direct contact with the punch steel, not lubricated. 
The formed cups were labelled as they were removed from the press such that its 
orientation with respect to the press was known. 
7.2.5 Press Inputs 
Bottom dead centre (BDC) and top dead centre (TDC) describe the position of the ram 
in relation to its stroke. By micro-inching the press through its cycle it is possible to 
stop the press at the top of its stroke. A pointer indicates the position of the ram in 
relation to a ruler fixed to the press frame. 
TDC is adjusted via a worm gear that alters the length of the connecting rods. 
Consequently a TDC value of 200 mm means that the ram was higher at the top of its 
cycle than a TDC value of say 190 mm. The physical consequence of this is that the 190 
mm setting will draw a cup .that. is 10 mm deeper than .the .200 mm setting. 
The cushion always descends from the same point and is depressed as far as the ram 
TDC setting allows. Clearly if the TDC is set to 190 mm then the cushion will be 
depressed 10 mm further than if the TDC was 200 mm. 
Unlike a double action press, the gap between the cushion and the ram cannot be altered 
in a single action press. The resistance of the cushion to the ram motion can be altered 
via the cushion pressure setting which is adjustable by an air regulator. 
7.2.6 Thickness 
Thickness was the only metric used to assess physical panel quality because it was the 
only metric that could be measured repeatably and reliably. The measurement capability 
""• did not exist to confidently measure other possible metrics such as circle grid diameter, 
flange length, degree of buckling or impact ratio. Consequently thickness became rhe 
key metric for establishing any correlation between panel quality and press sensor 
output. 
Thickness was measured using a micrometer and not an ultrasonic thickness device. A 
considerable amount of operator experience is required in order to achieve a stable 
reading at a resolution of I µm using an ultrasonic device and in any event the cup radii 
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were too small for the ultrasonic thickness device to operate accurately and reliably. The 
micrometer was quite suited to this particular experiment because it was possible to 
reach the regions of interest. The micrometer used (Mitutoyo 342) had a measurement 
resolution of 1 µm and a measurement error of+ 1.3 µm. 
Cup thickness was measured at its thinnest point. This was done by taking a large 
number of measurements on each cup produced and recording the lowest value. 
7.2.7 Experimental Design 
The experimental design consisted of three 23 DoE experiments. Each DoE was 
analysed using the Yates technique to identify the main effects and interactions. 
Analysis of variance was performed to verify the outcomes of the Yates analysis , i.e. to 
confirm that a particular variable was or was not influencing the results . Additional 
experiments, not part of the DoE construction, were also run to explore other variable 
settings. The coded DoE values are shown in Table 7-2 while the entire experimental 
design is given in Table 7-3 . · 
Table 7-2 DoE coding 
Code Steel Cushion Blank Size Lubricant TDC (mm) 
Type Pressure (mm) Type 
(kPa) 
-1 CAS 101 80x55 FerroCote 190 
-0.8 132 
1 G3N 388 80x65 Glad Wrap 195 
.. 
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Table 7-3 Experimental design 
ID Steel Pressure Size Lube TDC DoE Replicates 
31 -1 1 1 1 1 1 
32 1 1 1 1 1 1 
21 -1 -1 -1 1 1 A 1 
22 1 -1 -1 1 1 A 1 
23 -1 1 -1 1 1 A 2 
24 1 1 -1 1 1 A 1 
5 -1 
-1 -1 -1 1 A,B 5 
6 1 
-1 -1 -1 1 A,B 6 
44 
-1 -0.8 -1 -1 1 6 
47 1 -0.8 -1 -1 1 1 
7 -1 1 -1 -1 1 A,B 3 
8 1 1 
-1 -1 1 AB 
' 
3 
13 -1 -1 1 -1 1 B,C 12 
14 1 
-1 1 -1 1 B,C 12 
15 -1 1 1 -1 1 B,C 13 
16 1 1 1 -1 1 B,C 13 
9 -1 -1 1 -1 -1 C 12 
10 1 
-1 1 -1 -1 C 3 
11 -1 1 1 -1 -1 C 3 
12 1 1 1 -1 -1 C 4 
An explanatory summary of the experimental design is that steel type and cushion 
pressure are varied at each design point. Blank size, draw ,.'depth (in the fonn of TDC) 
and lubricant type are tested at design points that are not orthogonal. Had they beer:i it 
would have been possible to analyse the experiment as a fractionated 25 DoE instead of 
three separate 23 designs. 
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7.3 Results 
The complete set of results are shown in Table 7-4, however, the analysis was 
performed over the three distinct DoE designs (A, B and C) as defined in Table 7-3. 
Table 7 -4 Results 
ID Run# 
31 28 
32 27 
21 79 
22 80 
23 81,64* 
24 29 
5 68-72 
6 73-78 
44 51-56* 
47 57* 
Thickness (mm) 
0.618 
0.613 
0.634 
0.630 
0.625, 0.604 
0.614 
0.605, 0.604, 0.609, 0.603, 0.604 
0.601, 0.600, 0.610, 
0.606, 0.607, 0.613 
, 0:585, 0.582, 0.585, 
0.578, 0.575, 0.582 
0.585 
7 58-60* 0.542, 0.536, 0.528 
8 61-63* 0.560, 0.536, 0.550 
13 30-41 0.598, 0.591, 0.586, 0.571, 0.575, 
0.579, 0.588, 0.581, 0.582, 0.577, 
0.587, 0.584 
14 42-51 0.562, 0.578, 0.570, 0.590, 0.566, 
0.580, 0.579, 0.573, 0.581, 0.580 
15 1-13 
16 14-26 
9 53-64 
10 65-67 
11 82-84 
12 85-88 
0.563, 0,568, 0.586, 0.551, 0.569, 
0.553, 0.555, 0.556, 0.578, 0.568, 
0.567, 0.555, 0.561 
split, 0.558, 0.546, 0.534, 0.544, 
0.544, 0.565, 0.561, 0.562, 0.566, 
0.567, 0.543, 0.558 
0.591 , 0.590, 0.577, 0.573, 0.581, 
0.582, 0.570, 0.578, 0.585, 0.575, 
0.567, 0.565 
0.569, 0.571, 0.568 
0.581, 0.567, 0.547 
0.555, split, 0.569, 0.540 
... . 
Peak Punch Load (V) 
2.840 
2.876 
2.309 
2.341 
2.465, 2.597 
2.502 
2.556, 2.588, 2.616, 2.604, 2.613 
2.703, 2.648, 2.594, 
2.700, 2.634, 2.656 
2.745, 2.759; na, · 
2.712, 2.741, 2.720 
2.662 
2.947, 2.888, 2.962 
2.885, 2.907, 2.855 
2.912, 3.008, 2.941, 3.014, 3.028, 
2.947, 2.970, 3.014, 3.047, 2.952, 
3.006, 2.991 
3.105, 3.026, 3.121 , 3.019, 3.059, 3.048, 
3.057, 3.000, 2.994, 3.011 
na, 3.329, 3.313, 3.369, 3.310, 
3.346, 3.296, 3.374, 3.337, 3.252, 
3.259, 3.379, 3.346 
3.422, 3.305, 3.409, na, na, 
3.340, 3.307, 3.325, 3.270, 3.285, 
3.312, 3.333, 3.334 
2.919, 2.965, 2.996, na, 3.018, 
3.019, na, 3.047, 3.030, 3.073, 
3.101, 3.056 
3.074, 3.098, 3.001 
3.157, 3.250, 3.325 
3.299, 3.367, 3.304, 3.339 
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A summary of the thickness results indicates that the draw conditions get more severe 
with each design (Table 7-5). 
Table 7 -5 Summary of thickness results 
G3N CAS 
DoE Thickness FLD Thickness FLD 
Safety Safety 
A 0.593 18% 0.590 19% 
B 0.571 6% 0.575 11% 
C 0.564 2% 0.574 11 % 
For example, the average thickness of G3N cups formed under DoE A was 0.593mm 
which equates to a safety margin of 18%. The safety margin is an expression (Eq. 2-15) 
of how much further the metal could have thinned before it reached the critical 
thickness where splitting would be expected (refer to Table 7-1 for these critical values). 
Under the testing conditions of DoE C the safety margin had dropped to 2%, indicating 
that the cups made from G3N steel were very close to splitting. 
The average safety margins for CA5 and G3N steels subjected to the testing conditions 
of DoE B are 11 % and 6o/o respectively. This is a significant decrease from the 19% and 
18% of DoE A. The fall of G3N is especially noticeable, and is likely to be a 
consequence of its poorer drawing qualities compared with CA5. 
Keeler (1998) recommends dividing the safety margin into three zones; green yellow 
and red. The green zone ·provides adequate deformation with at least 10% safety margin. 
The yellow zone is where less than 10% safety margin exists. The red zone is where the 
safety margin is being exceeded. Using this terminology it is seen that the DoE A falls 
in the green zone, DoE B in the yellow and DoE C is very close to being in the red zone. 
A curious observation is that the safety margin did not decrease for CA5 steel when 
testing conditions moved from DoE B to DoE C. This"· is explored further in the 
Discussion, section 7.4. The results of each specific DoE are now presented. 
7.3.1 DoE A 
DoE A was conducted with TDC fixed at 195mm and the blank size held at 80x55mm. 
The lubricant type was varied between FerroCote and Glad Wrap. The thickness and 
punch load data was analysed using the Yates analysis to find the overall average (I), 
main effects and interactions (Table 7-6). These were then plotted on a cumulative 
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probability plot to identify which effects and interactions were significant. Figure 7-5 
refers to the thickness analysis while Figure 7-6 applies to the punch load. Note that 
visual analysis of the cumulative probability plot is statistically supported by the 
standard error calculated from the replicated runs. Each alias not lying on the straight 
line has an absolute value significantly greater than the standard error (Table 7-6). 
The Yates analysis reveals that cushion pressure and lubricant type have a significant 
effect, as does their interaction7 on the cup thickness. It also reveals that the steel type 
has no influence on cup thickness. Figure 7-5 shows that the alias values 2, 3 and 23 do 
not lie on the straight line. From Table 7-6 it is seen that alias 2 refers to cushion 
pressure and alias 3 refers to the lubricant. The 23 interaction refers to the interaction 
between the cushion pressure (2) and the lubricant (3). The effects are quantified in 
equation ( 7-2 ). Equation ( 7-3) was developed in the same way from Figure 7-6 and 
describes the effect on punch load. 
Each empirical equation was then expressed as a contour plot to graphically show how 
each variable influen.ced the output (Figur~ 7-7 and Figure 7-8). Nqte that the variable 
labels have been converted back to their original values in the contour plots, not left in 
the coded terms of -1 and + 1. 
Table 7-6 Main effects and interactions for DoE A 
Alias Thickness Punch 
I 0.598 2.594 
Steel 1 0.002 0.003 
Pressure 2 -0.041 0.237 
Lube 3 0.049 -0.346 
12 0.004 -0.043 
13 -0.005 -0.002 
23 0.023 -0.045 
123 -0.002 0.012 
Std.Err. 0.0031 0.018 
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Figure 7-5 Yates analysis of thickness results 
Thickness = 0.598 - 0.02 lx2 + 0.025x3 + 0.0 l 2x2.:s ( 7-2 ) 
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Figure 7-6 Yates analysis of punch load results 
Punch Load (V) = 2.594 + 0.119x2 - 0.173x3 ( 7-3 ) 
Equations ( 7-2) and ( 7-3 ) both describe how cushion pressure and lubricant type 
affect thickness and punch load. The change from the low to the high factor level for 
cushion pressure and lubricant type has approximately equal but opposite affects on -· 
thickness . The thickness decreased by 0.05mm when the cushion pressure was 
increased from 101 k.Pa to 388kPa. When the lubricant was changed from FerroCote to 
Glad Wrap the thickness increased by 0.04mm. Thickness changes of this magnitude 
are equivalent to 20o/a to 25% changes in FLD safety margin, which is considerable. 
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The effect of the cushion pressure-lubricant type interaction is quite evident in Figure 
7-7. The thickness contours show a marked increase in curvature as the testing 
conditions move towards positions of low cushion pressure and Glad Wrap lubricant. 
Attention is drawn to the nomenclature used in the empirical equations. In each case x 1 
refers to steel type and x2 to cushion pressure. Variable X3 refers to either TDC, lubricant 
type or blank size, as shown below: 
• x 3 refers to lubricant type for DoE A 
• x3 refers to blank size for DoE B 
• x3 refers to TDC for DoE C 
Similarly, interactions, such as x2x3, refer to the interaction between cushion pressure 
and either TDC, lubricant type or blank size-depending on the specific case. 
An important clarification needs to be made regarding the empirical equations. The 
equations describe the effect of the variables on the output from the perspective of the 
coded point x 1 -: 0, x2 = 0 and x3 = 0. This is almost an abstract position for DoE A 
because an x 1 of O defines a steel with properties mid-way between CA5 and G3N in 
every respect, i.e. R value, yield strength etc. It would be practically impossible to 
obtain such a steel grade. Similarly, an x3 of O describes a lubricant with properties mid-
way between FerroCote and Glad Wrap. Again this would be practically impossible. 
Only with the cushion pressure is it physically possible to select an x2 of 0, and this 
equates to 244kPa. Despite these abstract considerations the relationships developed 
remain valid in the sense that the effect of moving from -1 to + 1 is quantified. It is 
powerful to visualise the impact of moving from one operating regime to another. 
7.3.2 DoE B 
DoE B was conducted entirely with FerroCote lubricant and with TDC at 195mm. The 
blank size was varied between 80x65mm and 80x55mm. ks with DoE A the steel type 
and cushion pressure was varied during the design. The same analysis approach ~as 
taken as for DoE A with the calculation of the effects and interaction~ (Table 7-7). Th~. 
cumulative probability plots of Figure 7-9 and Figure 7-10 were then used to construct 
the empirical response equations of ( 7-4) and ( 7-5 ). 
Equation ( 7-4 ) describes how thickness is reduced with increasing cushion pressure. It 
also reveals that an interaction exists between cushion pressure and the blank size such 
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that as the blank size increases the effect of the cushion pressure is more pronounced . 
. Graphically this is illustrated in Figure 7-11. As with DoE A, steel type was found to 
have no effect on thickness. 
Punch load, as described in equation ( 7-5 ), is increased by an increase in both cushion 
pressure and blank size. An interaction between steel type and cushion pressure exists 
and two contour plots are necessary to highlight this. It is seen that the effect of cushion 
pressure is more pronounced when CA5 steel is used (Figure 7-12) compared with G3N 
steel (Figure 7-13). 
Table 7-7 Main effects and interactions of DoE B 
Steel 
Pressure 
Size 
-1 .5 
z 
• 
-1 
2 
Alias 
I 
1 
2 
3 
12 
13 
23 
123 
Std.Err. 
-0.5 
-0.04 
-0.1 
-0.12 
-0.14 
Thickness 
0.572 
0.000 
-0.041 
-0.004 
0.003 
-0.007 
0.022 
-0.003 
0.002 
0.5 1 
23 
• 
al 
::::l 
'O 
g') 
CD 
C: 
Punch 
2.968 
0.02 
0.30 
0.40 
-0.04 
0.01 
Q.01 
0.01 
0.01 
1.5 
Figure 7-9 Yates analysis of DoE B thickness results 
Thickness= 0.572 -0.02 lx2 - 0.0 l lx2x3 ( 7 -4) 
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Figure 7-10 Yates analysis of DoE B punch results 
Punch Load (V) = 2.968 + 0.150x2 + 0.200x3 -0.020x1x2 
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Figure 7-13 Contour plot of punch load for DoE B with G3N steel 
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7.3.3 DoE C 
DoE C was conducted entirely with FerroCote lubricant and with the blank size held at 
80x65mm. TDC was varied between 190 and 195mm and, as with DoE A and B, the 
steel type and cushion pressure was altered during the experiment. 
The cup thickness and punch loads were analysed and the main effects and interactions 
are shown in Table 7-8. The cumulative probability plots of Figure 7-14 and Figure 
7-15 permitted the empirical equations to be developed. 
Thickness was reduced when steel type was changed from CA5 to G3N and also when 
cushion pressure was increased, Eq. ( 7-6 ). Punch load increased only with cushion 
pressure, Eq. ( 7-7 ). No interactions existed under DoE C conditions. Both equations 
are plotted as contours on the same plot (Figure 7-16). 
Table 7-8 Main effects and interactions for DoE C 
Alias Thickness Punch 
' . 
I 0.568 3.164 
Steel 1 -0.008 0.040 
Pressure 2 -0.016 0.274 
TDC 3 0.003 0.010 
12 0.000 -0.007 
13 0.001 -0.013 
23 -0.003 0.035 
123 0.001 -0.024 
Std.Err. 0.002 0.011 / 
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Figure 7-14 Yates analysis of DoE C thickness results 
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Thickness= 0.568-0.004x1 -0.008x2 ( 7-6) 
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Figure 7-15 Yates analysis of DoE C punch results 
Punch Load (V) = 3.164 + 0.137 x1 ( 7-7) 
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Figure 7-16 Thickness (solid line) and punch load (dashed lineJ ~ontours for 
DoE C 
DoE C pushes the limits of metal fonnability because it tests the ability of the material 
to be formed into even deeper cups than the previous DoE' s. It was within DoE C that 
failures began to be observed. 2 cups from design point 16 showed necking, whilst one 
other had actually split (run 14, as highlighted in Figure 7-23). A cup from point 12 also 
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split. Design points 12 and 16 both used G3N steel, with the deeper draw being 
conducted at point 12. The average safety margin for G3N steel with DoE C was only 
2% * whilst the CA5 remained at the same level as for DoE B-12o/a. 
7.4 Discussion 
A cursory analysis of the results shovvs that the thinner cup walls correspond to higher 
punch loads. DoE A presented the 'softest' test conditions whilst DoE C presented the 
most severe. This is represented in the empirical equations where, moving from DoE A 
through DoE C, the average value+ was seen to increase for punch load and decrease 
for thickness. This finding is not unexpected considering that DoE A tested at a 
shallower draw with the better lubricant and the smaller blank size, while DoE C tested 
the deeper draw with the poorer lubricant and the larger blank size. The scatterplot of 
Figure 7-17 indicates this general relationship. 
Figure 7-17 is a plot of thickness versus punch load for all of the data obtained over the 
entire experiment ( except where cups split, which meant a thickness value could not be 
recorded). 'Thi's includes the results' of the replicated runs a't each design point. For ' 
example, design point 44 (see Table 7-3 on page 96 for variable settings) was run with 
six replicates, and the result of each run is shown as a red circle. Note that they are all 
clustered together, giving an indication of variation in the results. The legend on the 
right of the graph corresponds to the design points of Table 7-3. Red markers refer to 
cups made from CA5 steel while blue markers refer to cups made from G3N steel. 
The blue and red horizontal lines at 0.56 and 0.55 correspond to the critical thickness 
value (tc) for each of the steels. Again, the red line refers to CA5 and the blue to G3N. 
Cups with thickness less than these critical values are likely to split, based on the 
forming limit diagrams available for the two steels. Design points 7, 8, 11, 12 and 16 all 
show data points below their respective lines. 
Two distinct curves can be constructed through the average of each cluster as shown in 
Figure 7-18. These two curves relate to the two different blank sizes used during the 
study. The one on the left relates to the results obtained using the smaller blanks of 
80x55mm. The curve on the right relates to the 80x65mm blanks. 
• this figure does not include split cups 
+ the average is shown as I in Table 7-6, Table 7-7 and Table 7-8 
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Figure 7-18 Concise plot of thickness v punch load 
B a of uppo11ing the experimental finding and the explanation of the two curves 
ho n in Figure 7-18 a finite element (FE) anal i of the deformation of the 
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rectangular cup was performed. This was with Optris, an FE package dedicated to sheet 
metal forming. The fallowing assumptions were made: 
• constant deformation velocity of 1 Omrn/s 
• all tooling is rigid and cannot deflect under load 
• the co-efficient of friction is constant over the panel and during the deformation 
process 
A series of experiments were performed to simulate the physical experimentation. These 
experiments were designed as shown in Table 7-9 and explore the effect of increasing 
blankholder force and the co-efficient of friction on two blank sizes. The minimum 
calculated cup thickness and maximum calculated punch load were plotted against each 
other (Figure 7-19). 
Figure 7-19 generally supports what was observed in the physical experiments (Figure 
7-18). That is, the smaller blank is more susceptible to having a dramatic decrease in 
thickness compared with the larger blank. At the same time the change in punch load is 
not quite as dramatic. Consequently there is a divergence in the curves for the two blank 
sizes as the forming conditions get more severe. This is attributed to the diminished 
flange area of the smaller blank size compared to the larger blank size. The FE predicted 
punch loads are higher than observed and this is due to differences in punch cycle, 
contact conditions and material properties. 
Table 7 -9 Design of FE experiments 
Blank Size (mm) Co-efficient Blank Holder 
of Friction Force (kN) 
80x55 0.05 4 
80x55 0.10 4 
80x55 0.15 4 
80x55 0.05 16 
80x55 0.10 16 
80x55 0.15 16 
80x65 0.05 4 
80x65 0.10 4 
80x65 0.15 4 
80x65 0.05 16 
80x65 0.10 16 
80x65 0.15 16 
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Figure 7-19 Thickness versus punch load for FE experiments 
the Yates analysis of DoE A and B indicated 'that steel type did not influence either 
punch load or thickness, and had only a very minor impact during DoE C. It is 
reasonable to pool the results where steel type was the only variable altered. 
Consequently points 21 and 22 (the solid blue and red squares in Figure 7-17) can be 
considered to belong to the same system, as can points 23 and 24 (the hollow blue and 
red squares) and so on. This pooling is represented in Figure 7-18 such that the average 
of the runs that belong to design points 21 and 22 is represented by a solid square. 
Similarly the hollow square in Figure 7-18 represents the average value of the runs that 
came from design points 23 and 24. A guide to the symbols and their relationship to the 
experimental design is given in Table 7-10. 
Table 7-10 Legend to Figure 7 -18 
,. 
80x55 80x65 
Design Points Symbol Design Points Symbol System change to base _line settings 
21/22 • n/a Base line 
23/24 D 31/32 A j cushion pressure 
5/6 X 13/14 6 j lubricant type 
n/a 9/10 j lubricant j TDC 
n/a 11/12 <) j lubricant j cushion pressure j TDC 
7/8 + 15/16 * jlubricant j cushion pressure j TDC 
111 
Examination of the left hand curve of Figure 7-18 reveals that the increase in punch 
load when the lubricant is changed from Glad Wrap to FerroCote, while the cushion 
pressure was 101 kPa, is similar to that when the cushion pressure was increased to 
388k.Pa. This was not the case for thickness where a dramatically large decrease in 
thickness occurred when the cushion pressure was increased. Visually, the horizontal 
difference '-change in punch load) between • and x is similar to that between D and +. 
The vertical difference (thickness) is quite different. This difference in response 
behaviour to changes to the system settings is also captured in the empirical equations. 
Equations developed for thickness do not have similar relative changes in variable 
magnitude, or necessarily even the same variables, as those developed for punch load. 
For DoE A for instance, thickness was influenced by an interaction between cushion 
pressure and lubricant type, yet no such interaction existed for punch load. This is 
despite each response being measured over identical system settings. The empirical 
relationships constructed for DoE B show that thickness is influenced almost 
exclusively by cushion pressure, see equation ( 7-4 ), yet, all three variables have an 
effect on punch load, see equation ( 7-5 ). This indicates that the force system is 
I • \ 1 1 • 
complex, and more sensitive to system changes than thickness. DoE C reinforces this 
point with equation ( 7-6) showing that steel type finally begins to influence cup wall 
thickness whereas previously it had no significant influence. Equation ( 7-7 ) shows that 
punch load is now influenced by cushion pressure alone, whereas previously it had 
acted in conjunction with other factors. 
A change in punch load does not necessarily mean there will be a commensurate change 
in thickness. This indicates that thickness and punch load cannot be considered as linear 
transformations of each other. There is complexity in the output response and this will 
now be discussed. 
The strain gauges on the punch measure the net force required to deform the material 
... 
with lower punch forces indicating 'easier' forming conciitions. The net force is a 
combination of the following forces: 
• the force to bend and unbend the blank over the die radius, 
• the force to plastically yield the material ( compression in the flange and tension in 
the cup wall), and 
• the force to overcome the dynamic and static friction. 
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The fact that the critical thickness was exceeded at points 7 and 8 and yet no cups split, 
or even showed visible evidence of necking, is most probably due to the 80x55mm 
blank size used. At the end of the forming stroke, the 55mm wide blank had very little 
flange area. The flange had been completely drawn into the cup wall in the centre of the 
long side, and drawn almost level with the die radius i!' the centre of the short side (see 
Figure 7-20-(A). · ·· · -
Figure 7 -20 Flange size; (A) design point 8, (B) design point 16 
There are three factors to consider when assessing the effects of blank size and these are 
discussed below. 
The fact that so little flange is present at the end of the stroke means that there was a 
diminishing area available over which to apply the hold down force as the cup was 
being formed. Hence there was less ability to transfer load to the punch, and less 
resistance to material flow into the die cavity. This is illustrated in Figure 1--21 , which is 
a trace of the punch load with time during cup formation , by the steady decrease in load 
immediately after peak tonnage. 
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Figure 7 -21 Punch load signature for points 7 and 8 
The effect of the motion of the ram on the applied hold down force must also be 
considered. The sinusoidal motion of the ram gives an acceleration that is zero at 90° 
from TDC and a maximum at BDC. The ram is accelerating when it first contacts the 
blank, and continues to accelerate through to its maximum at BDC when the cup is fully 
formed. The available force, therefore, also increases with the stroke, giving rise to the 
tonnage ratings of the press--46 tons at 19mm off bottom, 54 tons at 12mm, and 7 5 
tons at 6mm off bottom. Therefore, while the flange area is decreasing, the available 
tonnage to impart blank holder force is increasing. These two competing factors explain 
why it is difficult to separate the total punch load into its individual elements. 
A third consideration is the percentage reduction of the effective blank radius; the 
inverse of which is known as the limiting draw ratio (LDR). An illustration of the 
effective blank radius as it applies to box cups is shown in Figure 7-22. For round cups 
the maximum percent reduction is commonly accepted to be 50%, in other words a 
blank diameter no larger than twice the punch diameter will permit a cup to be drawn to 
its maximum depth. For a box or rectangular cup the limit is very much higher than 
50% and an explanation for this is that the easily formed side walls aid in the drawing of 
flange material into the cup comers, (Eary et al. (1974)) . 
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Figure 7-22 Effective blarik radius for box cups 
An examination of the two blank sizes used, and the punch comer radius reveals the 
percent reduction (Table 7-11). It shows the 80x65mm blank size to be more difficult to 
draw to its maximum depth. 
Table 7 -11 Effective percent blank reduction for rectangular cup 
Blank Dimensions (mm) 
Punch corner diameter (mm) 
Effective blank diameter (mm) 
Reduction, o/o 
80x55 80x65 
13 13 
43 .4 53.4 
70 76 
The key to the LDR is that if the force required to compress the flange perimeter, so that 
it will enter the die corner, exceeds the capacity of the cup wall to transfer the tensile 
force from the punch then splitting may occur. Material that lies outside the limiting 
diameter may also act to restrain material just inside the limiting diameter, potentially 
constraining the material to the point of splitting. 
Because the side walls are easily fed, it is suggested that the comer walls obtain some 
• 
assistance during forming which allow them to continue thinning beyond the critical 
thickness. The FLD is constructed from laboratory tests that are quite specific in 
forming mode, so where a mixture of modes exists it is possible that the critical values 
obtained from the FLD are not exactly appropriate. Also, the FLD indicates the onset of 
failure, and not a point at which failure will occur 1 OOo/o of the time. Con_sequently 
failures at design points 7 and 8 may have been observed with further replicates. Only 3 
cups were made at each of these design points. 
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Returning now to the question as to why there was a difference between thickness and 
punch load response, the explanation is believed to be that the peak punch load occurs 
approximately one third of the way through the stroke period ( equivalent to 80o/a of 
stroke travel*), before the flange area has been significantly reduced. Continued 
deformation occurs at comparatively lower loads (Figure 7-21) and yet at the same time 
more of the effective flange radius is being drawn into the cup comer. 
In order to continue deformation, a point may be reached where an increase in load is 
required to overcome the combined effects of constraint (provided by the material lying 
outside the limiting blank diameter), and to provide the force required to continue 
compressing the material remaining inside the limiting diameter. This increasing 
requirement may be large enough to cause the cup wall to considerably thin. 
An analogy is drawn with the tensile test where a small increase in load near the tensile 
strength can cause a large increase in the developed strain. Such a change in load is 
possibly the reason for the arrest in the decreasing rate of punch load just prior to BDC 
seen in Figure 7-2). ~ad the stroke been de.epe.r, allowing the arrest ~o continue, then it 
is possible that the cups of Figure 7-21 (points 7 and 8) would have split. 
The larger flange area of the 80x65mm blanks provides a greater capacity to transfer 
force from the blank holder to the punch. This is revealed as a longer duration at the 
peak load compared to the punch load signatures of the smaller, 80x55mm blanks 
(compare Figure 7-21 and Figure 7-23). 
An interesting feature of Figure 7-23 is that run 14 shows a distinct decrease in punch 
load earlier than the other replicates. Run 14 actually split and so the signature was able 
to detect this as reduction in the ability of the material to transfer the force from the 
blank holder to the punch. 
Another point is that the split did not occur about the peak: punch load, but some time 
later. This indicates that splitting will not occur on the larger blanks until that 
combination of remaining flange area, ram position and compressive loads in the blank 
comer becomes critical. Again this highlights the complex interactions between the 
various elements that compete during sheet metal forming. 
• due to the decreasing ram velocity, almost 80% of total draw depth is achieved in the first half of the 
actual deformation period 
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Figure 7-23 Punch load signature for DoE point 16 
7.5 Conclusions 
Each of the three DoE' s revealed unique relationships for thickness and punch load that 
are difficult to explain-hence the reason why they are called empirical relationships. 
The scatter plot (Figure 7-17) combined all of the results obtained from the three DoE's 
in such a way as to highlight the variability obtained as stamping conditions are altered. 
It also suggested a relationship existed between punch load and thickness. This 
relationship was made more obvious by constructing trend lines through the mean 
values of each design point (Figure 7-18). The two trend lines describe the behaviour of 
distinct blank sizes as press settings are altered. 
It seems reasonable to expect that a seemingly trivial change in blank size would not 
generate significant differences in the way rectangular cups respond to system changes. 
However the two curves of Figure 7-18 are quite different. The system variables do not 
influence the thickness and punch load in a similar manner when the operating 
conditions are altered. This really emphasises the complexity of sheet metal forming 
and shows why it is so difficult to predict the outcome of a change in forming 
parameters. 
Because the two blank sizes studied could be considered as two different parts it is plain 
to see that it is not possible to generate a curve from a single part and then extrapolate it 
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to predict how other parts will respond. Each part needs to be assessed on its own 
merits. 
Using an appropriate DoE matrix it should be possible to generate a trend line that 
describes the relationship between panel quality and punch load. In fact, as was done i!.1 
the previous Chapter, it would be possible to develop a response surf ace and use it to .. 
predict panel quality. The key is to identify a suitable sensor and a suitable location to 
place that sensor in a draw die. 
The approach that has been taken to generate response surfaces for thickness and punch 
load could be used on the factory floor. 
..... 
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Chapter 8 Conclusions, Recommendations and Future Work 
The design of experiment technique is an extremely powerful methodology that should 
be incorporated into routine stamping manufacturing processes. It was shown in this 
thesis that the DoE approach identifies the main effects and interactions that would 
otherwise remain unidentified. This effectively allo\VS the knowledge of an experienced 
operator to be captured in a quantitative way. It does not necessarily permit the 
underlying mechanisms to be revealed, but does provide an opportunity to explore ideas 
and theories. 
The practical success of the DoE methodology is dependent on having both accurate 
measuring techniques and reliable metrics, i.e. metrics that respond to changes in the 
stamping system. It was found in this work that 5mm diameter circle grids measured 
using a transparent flexible rule was inadequate. It is recommended that future work be 
conducted with smaller circle grid diameters and measurements taken under 
magnification. Utilising existing automated circle grid measurement software tools 
should also be considered. 
An operating window was identified for a Dash panel. This was expressed in terms of 
buckling and splitting, but other metrics such as flange length or minimum production 
rates could also have been incorporated. The visualisation of such an operating window 
was most easily digested in the form of overlaid contour plots. 
Manual measurement of panel quality is very time consuming and a need for speeding 
this up was recognised. This would have two benefits: 
• the time required to gene~ate a re.sponse surface would be reduced - important in 
terms of getting a part running as quickly as possible 
• the possibility of transforming the stamping process from one of sampling and 
statistical process control to one of iterative control 
... 
The most likely manner to achieve this improvement without extensive capital 
investment is to fit electronic sensors close to the deformation. A correiation between 
sensor output and panel quality could then be established. This approach was taken with 
a rectangular cup using strain gauges mounted on the inverted punch of a single action 
press. 
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The 2 blank sizes studied produced different relationships between punch load and cup 
thickness. This reinforced the complexity inherent in the stamping process and 
highlighted the fact that each part in each press needs to be examined on its own merits. 
In a practical sense it is recommended that a DoE be applied to a new model part. Th~ 
DoE approach could then be tested under conditions from which the results would have 
the greatest benefit. The press used would need to have a reasonable level of 
instrumentation i.e. a shut height indicator and a tonnage monitor. In-die sensing would 
be a definite advantage. 
Installation of sensors into dies used in high volume runs would be extremely difficult. 
Calibration of such sensors would probably be impossible. Analysis of sensor output 
shape is a very promising area of further research. The results presented in this work 
relate in the main to peak punch loads. However, it was observed that different shapes 
in sensor signatures did correlate to physical differences in cup quality. 
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Appendix A Yates Analysis 
This appendix explains how to assess data from a 23 DoE using, as a working example, 
results from the rectangular cup experiment described in Chapter 7 where top dead 
centre (TDC), cushion {)ressure (CP) and steel type (ST) were altered to assess their 
effect on CUP. this:kness (DoE C). Each fact&-: (variable) was tested at two levels (coded 
to -1 and + 1) as shown in Table A-1. Note also that each factor was assigned an alias 
e.g. 1 was assigned to TDC, 2 was assigned to CP and 3 was assigned to ST. These alias 
values are carried through to the table of signs (Table A-2), which describes every 
combination of factors required to complete a full factorial experiment. 
Table A-1 DoE structure and code 
Alias Name 
1 Top Dead Centre (TDC) 
2 Cushion Pressure (CP) 
3 Steel Type (S11 
-1 
190 
101 
CA5 
+l 
195 
388 
G3N 
Code 
(x-192.5)/2.5 
(x-244.5)/ 143.5 
The first column of Table A-2 is simply an identification used to distinguish each test 
combination. For instance ID 9 (runs 52 through 64 in Table 7-4) refers to the 
experiments where each factor was tested at the low level, i.e. 1, 2 and 3 were all set to -
1 (columns 3, 4 and 5). The second column (I) is used to generate the overall average of 
the experimental design. Columns 3, 4 and 5 identify the different testing combinations. 
--
The standard order is shown, such that factor 1 alternates between the high and the low 
setting every run, factor 2 alternates every second run and factor 3 alternates every 
fourth run. It is important that the experimental run order not be the same as the 
standard order in order to incorporate system errors into the experimental results. The 
experimental run order should be random. 
Columns 6 through 9 are the interaction columns where the values are simply the 
product of the individual factors. For example, the coded value for the 23 ( cushion 
pressure and steel type) interaction for ID 11 is the product of 1 and -1 , i.e. -1. The last 
column contains the experimental result (response) for that run. 
1 
Table A-2 Table of signs for DOE 1 with respect to cup thickness 
ID\Alias I 1 2 3 12 13 23 123 Thickness 
9 1 -1 -1 -1 1 1 1 -1 0.578 
10 1 1 -1 -1 -1 -1 1 1 0.569 
11 1 -1 1 -1 -1 1 -1 1 0.565 
12 1 1 1 -1 1 -1 -1 -1 0.555 
13 1 -1 -1 l ] -1 -1 1 0 .583 
14 1 l -1 1 -1 1 -1 -1 0.576 
15 1 -1 1 1 -1 -1 1 -1 0.564 
16 1 1 1 1 1 1 1 1 0.557 
Divisor 8 4 4 4 4 4 4 4 
Effect 0.568 -0.008 -0.016 -0.003 0.000 -0.001 -0.003 0.001 
The Divisor row contains the number of + 1 's in each column. This is used in the 
mechanical Yates method of calculating the main effect and interaction values, shown 
in the last row. 
The 23 interaction value of -0.003 is determined by summing the product of each 23 
coded value and its correspondin.g response, and then dividing by the divisor (Table 
Ae-3). ·Hence, 
23 Effect 
23 Effect 
(0.578+ 0.569-0.565-0.555-0.583-0.576+0.564+o.557) / 4 
-0.011 / 4 
-0.00275 (rounded to -0.003) 
Table A-3 Calculation of 23 interaction 
ID\Alias 23 FR Thickness 
9 1 0.578 
10 1 0.569 
11 -1 0.565 
12 -1 0.555 
13 -1 0.583 
14 -1 0.576 
15 1 0.564 
16 1 0.557 
Divisor 4 
Effect -0.003 
This approach is repeated for each of the aliases. Each of the effects so calculated is 
then sorted in order from lowest to highest value. The sorted order is then ranked 
according to equation ( A-1 ) to give a percentage value . 
.. 
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In fact median ranking for observations i = 1, 2, ... , m can be calculated in one of two 
ways. The first is that given by Box et al. (1978) in equation ( A-1 ). The second is that 
given by Logothetis et al. (1994) and is shown in equation ( A-2 ). 
p lOO(i - 0.5) 
i m 
p 
1 
lOO(i - 0.3) 
m+0.4 
( A-1) 
( A-2) 
The percentage value is then plotted against the effect value on normal probability 
paper. A straight line will be formed if the data belongs to a normal distribution. Any 
points that do not fall on the line are deemed to not belong to the same normal 
distribution, and are regarded in the DoE context as having a significant effect on the 
ouput. It is of course also possible to use spreadsheet functions to perform these 
operations and this has been applied throughout this work. 
The results of such an analysis are shown in Figure A.1 and show that TDC and cushion 
pressure are the factors that influence w·all thickness. 
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Figure A. l Normal probability plot of experimental design 
Where replicates are used in an experiment there is another technique for establishing 
which factors and interactions are significant. This is calculating the standard error and 
comparing the effects and interactions against it. A significant effect or interaction is 
that where the effect or interaction value is much greater than the standard error. 
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The standard error (s.e) is calculated using equations* ( A-3) through ( A-6) and for the 
example given it works out to be 0.0023. Effects 1 and 2 are quite clearly much larger 
than this value, indicating that they are significant. 
n r 
SSr = ~L{Ylli - Yt) 
I:>\ U==} 
· 2 
s 
SSr 
N-n 
4 2 
V (effect) = -} 
s. e = ~V(effect) 
( A-3) 
( A-4) 
( A-5) 
( A-6) 
Having identified the significant effects it is a simple step to defining the empirical 
equation that describes the response surf ace. The DoE is centered about a coded value 
of 0, yet the effects and interactions are based on the differences between tests run at 
values of -1 and + 1. The equation describes the affect of moving from O (the average 
point) towards either -1 or + 1. Consequently only half of the effect value is required to 
describe ·this relationship. For example, the average was found to be 0.568 whilst the 
effect of TDC was -0.008. The equation for the example data is shown in equation 
( A-7 ) and describes the relationship between TDC and wall thickness. It shows that the 
wall will thin with lower TDC values (i.e. by increasing cup depth). 
Thickness = 0.568 - 0.004. x1 - 0.008x2 ( A-7 )* 
The standard error of 0.002, calculated earlier (Table 7-8) provides a measure of the 
error in the parameters used in the empirical equation. 
• n is the number of design points 
r is the number of replicates at that design point 
N is the total of number of observations, including replicates 
y is the observation value 
* x1 is the coded value for TDC and x2 is the coded value for cushion pressure 
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Appendix B Instrumentation 
8.1 LVDT 
The press was instrumented with a single magnetostrictive linear displacement 
transducer (L VDT) to monitor and record the position of the ram during each stroke. 
The 305mm L VDT (Gemco Series 951 Quik-Stik fiTM) was mounted at the rear centre 
of the ram such that the press throw was fully captured. The L VDT had a 57.2 mm long 
dead band at its end and a 38.1 mm null zone at its top. The 152 mm throw was fully 
enclosed by the 210 mm working zone of the LVDT. 
The L VDT span was programmed to provide the absolute analog postion from -5 to +5 
VDC. This provided 15 bit resolution. The unit was powered by a 24VDC power 
supply. Technicians installed and verified the unit. 
The L VDT was used to trigger data logging. 
8.2 ·Pressure Transducer · 
A pressure transducer (Patriot SP505-200G) was connected to the air line that supplied 
the two pnuematic cushions. This permitted any fluctuations in the cushion pressure to 
be recorded. The cushion pressure was adjusted by a pressure regulator in order to 
increase or decrease the amount of resistance applied to the descending ram. This has a 
direct influence over how tightly the metal is held between the tooling in much the same 
way as comer pressure settings do in double action presses. Two aspects of the cushion 
pressure were to be monitored with this device: 
• stability of pressure setting with time 
• back pressure generated at bottom dead centre 
The latter was of particular interest because it was hoped to correlate with the 
. 
deformation process, and consequently with the quality of the panel. It describes the 
increase in pressure from the initial setting to the peak pressure generated as the part is 
formed. Unfortunately the backpressure generated was related purely to press settings 
(TDC and cushion pressure) and was not influenced at all by the deformation process. 
The cushion pressure setting was found to be very stable over time. Deviation from the 
set point did not occur at 1 m V resolution. The pressure transducer manufacturer's 
calibration certificate is shown in Figure B .1 
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MODEL: SP505-200G 
RANGE: 0-200 PSIG 
SIN: 97-075~ 
C/N: 
TECH:tlli. 
DA TE: 7/29/97 
3.1 
3.2 
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20 0.998 
40 1.997 
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Figure B. l Pressure transducer compliance certificate 
8.3 Strain Gauges 
Toledo T400 strain gauges were mounted onto the left and right side of the press frame 
to monitor the amount force applied during fanning. As with the pressure transducer it 
was hoped that the force absorbed by the press frame would have a direct correlation to 
the amount of deformation. In fact, considering the trend towards 'signature analysis' 
Yl 
techniques in stamping plants, it was anticipated_ that these signals would provide the 
best opportunity for correlation to panel quality. This was subsequently found to be 
incorrect. 
The strain measurement system was installed and calibrated in accordance with 
guidelines set down by the strain gauge manufacturer. The calibration was carried out 
by placing two external master load cells in the press gap, cycling the press over and 
generating an equally distributed load as measured by the the load cells . The signal 
generated from the mounted strain gauges was then adjusted to give the same output as 
the master load cells. A linearity check was then conducted to establish how accurate 
the calibration was at other applied loads, as shown in the calibration curves of Figure 
B.2. 
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Figure B.2 Calibration CUives for left and right strain gauges 
The linearity check involved placing shims onto the master load cells and cycling the 
press. Adding shims causes a greater load to be recorded by the master cells whilst 
removina shims decreases the load. Tnis is because the action of the mechanical press t:, 
requires the ram to travel to the same position at the bottom of its stroke (bottom dead 
.. 
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centre or BDC), giving rise to mechanical presses being referred to as constant gap 
presses. If there is substantial resistance to the ram in reaching BDC, such as increased 
shim, then it is expected that a greater load will be expended in completing the stroke. A 
different mechanism operates for a hydraulic press in that there is constant pressure 
applied at BDC. 
The signal from the T400 gauges was conditioned by a Toledo Quik-Leam™ tonnage 
monitor. The to.nnage monitor would report the peak tonnage generated. A continuous 
analog signal was obtained for the left and right side via two analog output jacks at the 
rear of the tonnage monitor. This continuous analog signal was logged using Lab View 
software. 
8.4 Punch Transducer 
The punch was machined to the dimensions shown in Figure B.3in order to fit a full 
bridge strain gauge arrangement as shown in Figure B .4. Precision rosette strain guages 
(MM CEA-06-062WT-120) were mounted onto the punch and calibrated by 
technicians. The calibration certificate is shown in Figure B.5. A second calibration was 
I • 1 ' I ' \ 
1 
performed with the Vishay amplifier used in the experimentation and this is shown in 
Figure B.6. 
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Figure B.4 Full bridge arrangement of rosette strain gauges 
Active Gauges: Al, A2, A5, A6 
Dummy Gauges: 03, D4, 07, D8 
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Figure B.5 Calibration certificate for punch transducer 
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